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ABSTRACT
 Knowing the spatial and temporal variabilty of deformation in mountain belts is 
essential for understanding discrepancies between geodetic and geologic measurements 
of deformation and for accurately assessing seismic hazards. High-resolution 
deformational histories for three transects of the Northern Apennine mountain front, Italy, 
obtained from dated synorogenic growth strata, elucidate the spatial and temporal 
variabilty of thrust fault deformation in the Apennines since 3.0 Ma. Inverse and forward 
modeling of growth strata exposed in the Stirone River section shows the Salsomaggiore 
thrust exhibits a high frequency slip  rate variability at 40-500 kyr timescales that is likely 
related to strain partitioning on connected imbricate thrusts. A high-resolution age model 
for the Pleistocene Enza growth strata section, which contains sedimentary facies 
spanning both marine and terrestrial environments, shows that the growth strata exposed 
at the Apennine mountain front not only  record unsteady deformation but also record 
variable surface processes that can obscure true deformational behavior. A comparison of 
mountain front deformation at all three transects shows that unsteady  deformation was 
asynchronous along orogenic strike between 1.0-3.0 Ma. A shift to synchronized 
deformation at all three transects is observed after 1.0 Ma. This shift also corresponds to a 
kinematic reorganization of the Apennine wedge and the initiation of thick-skinned 
thrusting. This kinematic reorganization was driven by climatically-driven overfilling of 
the Po foreland beginning at ~1.4 Ma, which had the effect  of lowering the Apennine 
orogenic wedge taper and causing the wedge to respond by initiating out-of-sequence, 
basement involved reverse faulting localized at the present day Apennine mountain front. 
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PREFACE
 Knowing the spatial and temporal variabilty of deformation mountain belts is 
essential for understanding discrepancies between geodetic and geologic measurements 
of deformation and for accurately assessing seismic hazards. In most probabilistic 
earthquake hazard analyses, it  is assumed that seismogenic faults behave according the 
“characteristic model” of fault behavior; without this assumption, any estimate of future 
earthquake timing or magnitude for a given fault would have wide uncertainties, making 
probabilistic hazard estimates useless. The characteristic model of faulting is a long 
standing model of fault behavior that predicts that faults accumulating elastic strain 
release that strain semi-periodically during earthquakes (Schwartz and Coppersmith, 
1984). Despite the characteristic model’s widespread application, data collected from 
numerous faults in a variety of tectonic settings is demonstrating the model’s 
shortcomings. A prominent example is the Japanese Tohoku-Oki earthquake that occurred 
in March, 2011. Japanese seismic hazard maps underestimated the hazard associated with 
slip on the Tohoku fault because they assumed that the fault could not generate a 
Magnitude 9 or greater earthquake, based on the geologic and historical records of past 
quakes and the assumption of characteristic behavior (Stein et al., 2012). Conversely, in 
the midcontinental and eastern United States, recent data suggests the hazard associated 
with the New Madrid fault is overestimated as geodetic measurements of strain 
accumulation suggest the fault is not likely  to produce another large earthquake, similar 
to those that occurred in 1811-1812, anytime soon (Calais and Stein, 2009). 
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 The characteristic model also make predictions about the long-term steadiness of 
fault slip. In this model, unsteadiness is only related to variability  in earthquake 
recurrence, so long-term fault slip rates are predicted to be constant. Contrary to the 
characteristic model predictions, many faults do not exhibit  constant slip rates on the 
intermediate to long timescales (104-105 yr) that encompass multiple seismic cycles. 
(Mouslopoulou et al., 2009; Nicol et al., 2009). Currently  there is no theoretical 
framework to explain this intermediate-long term fault slip unsteadiness. 
 Specifically, there are two large questions regarding fault slip unsteadiness that 
need to be resolved. The first question is, “What are the characteristic spatial and 
temporal scales of fault slip unsteadiness?” The second question is, “What are the 
underlying processes that cause fault unsteadiness?” This dissertation will address these 
questions in three chapters. Chapter 1 will attempt to define the characteristic timescale 
of fault slip  unsteadiness for a blind-thrust  fault in the Northern Apennines, Italy. This is 
done through progressive restorations of dated growth strata horizons that were 
progressively  deformed by the blind Salsomaggiore thrust fault. This study demonstrates 
that fault slip  unsteadiness tends to scale with temporal resolution, so that higher 
temporal resolution reveals additional fault slip unsteadiness. Chapter 2 examines how 
well geologic records of deformation actually  record unsteady  deformation as opposed to 
actually recording climate and surface process variability. This study uses a high-
resolution age model of  the Enza synorogenic growth section to unravel the climatic and 
tectonic controls on growth stratigraphy. Chapter 3 investigates the spatial variability of 
deformation at the Northern Apennine mountain front by comparing mountain front 
3
tilting rates and incision rates from the Panaro River with rates determined from the Enza 
and Salsomaggiore Rivers. This study tries to understand underlying the causes of 
deformation unsteadiness by looking at  the effects of surface process variability as a 
fundamental control of the spatial and temporal variability  of deformation on Apennine 
thrusts. 
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CHAPTER 1: 
Fault slip rate variability on 104-105 yr timescales for the Salsomaggiore blind thrust 
fault, Northern Apennines, Italy
Kellen L. Gunderson1*
David J. Anastasio1, Frank J. Pazzaglia1, Vincenzo Picotti2
1Lehigh University Department of Earth and Environmental Sciences
2Dipartimento di Scienze Biologiche, Geologiche e Ambientali, Università di Bologna, 
Italy.
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ABSTRACT 
 Documenting fault slip  rate variability on intermediate (104-105 yr) timescales is 
crucial for understanding the discrepancies between short-term (101-102 yr) and long-term 
(106 yr) patterns of deformation. The largest  obstacle in bridging this gap  has been the 
inability to document multi-Myr records of fault slip  with 104-105 yr resolution. Here we 
present a 3 Myr long record of thrust fault slip with 40 kyr resolution by inverse 
modeling of Late Pliocene – Early Pleistocene growth strata exposed on the forelimb of 
the Salsomaggiore blind thrust anticline in the Northern Apennines, Italy. We augment 
geological data with seismic reflection and well data to construct structural models of the 
Salsomaggiore anticline and forelimb growth strata. We show that the deformation of the 
growth strata was due to slip on both a deep, late-stage, thick-skinned reverse fault and 
the shallow, thin-skinned Salsomaggiore thrust. We show that the thick-skinned fault 
slipped at a steady rate of 1.4 (+/- 0.7) mm/yr since its activation between 1.0-1.8 Ma, 
while the shallower thin-skinned Salsomaggiore thrust has slipped at rates that varied 
between 0.03- 6 mm/yr over the last 3 Myr. The Salsomaggiore thrust exhibits a high 
frequency slip  rate variability at 40-500 kyr timescales that is likely related to strain 
partitioning on connected imbricate thrusts. A major deceleration in Salsomaggiore slip 
rate between 1.0-1.8 Ma is coincident with orogenic wedge thickening due to the 
initiation of thick-skinned reverse faulting following the clastic infilling of the Po 
foreland basin during the Middle Pleistocene.
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INTRODUCTION
 Reconciling short-term geodetic (101 yr) and long-term (106 yr) geologic rates of 
deformation in active orogens is necessary if we are to understand strain partitioning at 
plate boundaries and the processes responsible for fault  slip rate variability. The largest 
obstacle in reconciling the geodetic and geologic measurements of deformation has been 
the difficulty in documenting fault  slip  on intermediate timescales (103 - 105 yr) with high 
resolution (Cowie et al, 2012; Friedrich et al., 2003, Mouslopoulou et al., 2009; Nicol et 
al. 2009). Here we breach this obstacle by  inverse structural modeling of 3 Myr long 
section of growth strata with 40 kyr resolution that records the progressive deformational 
history of a shallow blind thrust anticline in the Northern Apennines, Italy.  
 Fault slip  rate variability  at intermediate timescales contradicts some of the classic 
conceptual models of long-term fault behavior. The characteristic model of fault behavior 
(Schwartz and Coppersmith, 1984) predicts fault slip  to be steady over the intermediate 
timescales (103-105 yr) that span multiple seismic cycles (Shimazaki and Nakata, 1980). 
Alternative conceptual models suggest  that deviations from characteristic fault  behavior 
may occur and that faults may experience clustered slip  events interspersed by long 
periods of tectonic quiescence but still exhibit the same long term slip  rate as faults with 
regular, characteristic slip events (Wallace, 1987). Recent field and modeling studies have 
documented the existence of slip rate variability on intermediate timescales (Cowie et al., 
2012; Friedrich et al., 2003; Gold and Cowgill, 2011; Mouslopoulou et al., 2009; Nicol et 
al. 2009), yet a few important questions remain, such as: (1) what are the characteristic 
spatial and temporal scales of slip rate variability and (2) what are the 
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underlying processes that drive slip rate variability in various tectonic settings. An 
essential step towards elucidating the underlying processes that drive slip rate variability 
Figure 1.1- The temporal resolution and lengths of record for various methods used 
to measure deformation are shown. Typically, as deformational records span a 
longer period of time, the resolution of those records decreases. The inset figure 
(modified from Friedrich et al., 2003) shows that structures exhibit multiple 
“orders” of unsteady deformation. The 1st order unsteadiness is typically associated 
with large-scale tectonic perturbations and often documented by geologic records. 
The 3rd order unsteadiness is related to variations in the seismic cycle. The rates and 
patterns of the 2nd order tectonic unsteadiness are not well understood since geologic 
records do not have sufficient resolution and geodetic records don’t have sufficient 
length to observe variability on the intermediate timescales.  
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9Figure 1.2 (A) Shaded relief map showing the location of the study area in the 
Northern Apennines in relation to major geologic features such as the Alps and Po 
Plain. (B) Simplified geologic map of the Salsomaggiore anticline modified from Di 
Dio (2005). The Plio-Pleistocene marine units deposited on the forelimb of the fold 
are synorogenic growth strata.  These growth strata expose a series of progressive 
unconformities in the Stirone River valley. 
is to define the characteristic timescales of variability in natural structures. Key to 
defining the characteristic timescales of variability lies in the assemblage of long, 
continuous, high-resolution records of deformation in the resolution gap  between short-
term geodetic and long-term geologic observations. Of particular concern is the temporal 
gap at 104-105 yr, a resolution at which few long-term records of deformation exist 
(Figure 1.1). Whereas most field studies of fault  slip  rate variability focus on extensional 
or strike-slip settings, here we examine slip rate variability for a thrust fault  at 
intermediate time scales.
 A number of approaches are used to determine fault slip rates over different 
timescales. At short scales, space geodetic methods using GPS or InSAR measure inter-
seismic and co-seismic strain (e.g. Allmendinger et al., 2009). On longer timescales, 
balanced cross sections with thermal or geo-chronology, magnetostratigraphy, or 
biostratigraphy  as age controls are used to determine long-term average slip rates over the 
life of a structure (e.g. Robinson and McQuarrie, 2012). At intermediate timescales, 
paleoseismology, geomorphology, and growth strata are useful methods. Paleoseismic 
trenching is the preferred method for understanding the most recent earthquakes on a 
fault segment; however, even the longest paleoseismic records are not of sufficient length 
to observe the full range of slip rate variability (Weldon et al., 2004). Deformed 
geomorphic markers such as fluvial terraces (e.g. Lavé and Avouac, 2000) record 
deformation with 103-104 yr resolution, but geomorphic records are commonly 
discontinuous and rarely extend back for more than 1 Myr in tectonically active settings. 
 In contrast, growth strata (Suppe et al., 1992) are good potential recorders of slip 
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rate variability at intermediate timescales because growth strata span long periods of time 
and are commonly continuous. Magnetostratigraphically dated synorogenic growth strata 
are useful for determining slip rates on intermediate timescales but these records rarely 
provide resolution better than a ~500 kyr and often the resolution is closer to 1 Myr 
(Charreau et al., 2008; Holl and Anastasio, 1993; Meigs et al., 1996). Cyclostratigraphy, a 
commonly-used geochonologic and stratigraphic method that correlates rock parameters 
to astronomically forced orbital cycles in sedimentary  sections (Hinnov, 2000; Hinnov, 
2004), has a resolution of 104-105 yr and offers the prospect of filling in the temporal gap 
between short-term and long-term observations of deformation (Figure 1.1). In this study, 
we attempt to fill in the temporal gap separating the geodetic, geomorphic, and geologic 
observations (Figure 1.1) of deformation using a section of dated growth strata exposed 
on the forelimb of the Salsomaggiore anticline (Figure 1.2), a blind-thrust anticline in the 
Northern Apennines, Italy  and model the 104-105 resolution slip history  of the 
Salsomaggiore thrust. 
Geologic Setting
 The Northern Apennines, and the Salsomaggiore thrust in particular, are a good 
location to investigate slip  rate variability on individual thrust faults because the Northern 
Apennines exhibits an apparent mismatch between the multiple observations of 
deformation that span different timescales. The Northern Apennines are an orogen 
formed by the west-dipping Adriatic lithosphere subducting beneath Europe (Jolivet et 
al., 2006). The orogenic wedge largely remained subaqueous throughout the Cenozoic, 
then became emergent in the past  1-2 Myr (Bartolini, 2003). The Northern Apennines 
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consist of a series of imbricate thrust sheets, with the youngest thrust faults buried under 
the Po Plain, some as far as 50 km north of the modern topographic mountain front 
(Figure 1.3). At the shortest timescales, there is evidence of continued shortening on the 
young buried thrusts in the Po Plain as observed by GPS geodesy (Bennett et al., 2012; 
D’Agostino et al., 2008; Serpelloni et al., 2005), borehole breakouts (Montone et al., 
2012), and historical seismicity (Pondrelli et al., 2006) including recent Mw 6.1 and 5.8 
earthquakes on shallow buried thrusts underneath the Po Plain in 2012 (EMSC, 2012). 
However, industry seismic lines across the Po Plain indicate that these buried thrusts are 
mostly  sealed by undeformed Pleistocene deposits (Pieri, 1983; Pieri et al., 1992) (Figure 
1.3), suggesting that probably less than ~50 m of slip has accumulated on these structures 
since the Middle Pleistocene. Deformed geomorphic markers support the assertion that 
the deformation on the thrusts under the Po Plain has slowed considerably  or ceased 
altogether and that  most of the shortening since 1 Ma appears to have stepped back into 
the wedge and is concentrated at the present topographic mountain front  (Picotti and 
Pazzaglia, 2008; Wilson et al. 2009; Ponza et al., 2010).
 The Salsomaggiore anticline is a doubly  plunging fold located at the Northern 
Apennine mountain front  near Parma and is cored by the blind Salsomaggiore thrust 
(Figure 1.2). The anticline presents a window through the overlying structural lid to 
expose deformed siliciclastic Miocene foredeep deposits (Bonini, 2007; Picotti et al, 
2007) (Figure 1.2). The growth of the anticline spans the subaqueous and subaerial 
history of the orogen. Active development of the structure was recorded by Miocene-
Pleistocene growth strata deposited on the forelimb of the anticline that are continuously 
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Figure 1.3- (A) Regional cross section across the Northern Apennine mountain front 
and Po Plain modified from Wilson et al. (2009). The two faults investigated in this 
study, the Salsomaggiore Thrust and the Emilia mountain front (EMF) reverse 
fault, are shown. The foreland Cortemaggiore (C.T.) and Piadena thrusts (P.T.) are 
also shown. The dashed box shows the extent of the cross section in Figure 1.3B. B) 
Cross section of Salsomaggiore thrust, Cortemaggiore thrust, and the intervening 
wedge-top basin constrained from industry seismic reflection and well data.
exposed in several river valleys (Artoni et al., 2004; Artoni et al., 2007). The anticline has 
an asymmetric geometry  with a steep to overturned forelimb and a gentle backlimb (Di 
Dio, 2005). Folding is tight near the anticlinal crest  and gentle near the flanks of the fold. 
The shallow burial of the forelimb growth section and the lack of cleavage in Miocene 
sandstone core suggest there was no major penetrative strain accumulation. 
 There is evidence that  the Salsomaggiore thrust exhibited unsteady slip behavior 
during its history. Progressive and angular unconformity  growth geometries observed in 
seismic sections shows periods of both fast and slow fold growth. During the periods 
when the Salsomaggiore anticline displayed little fold growth, growth strata on the 
backlimb of the more foreland Cortemaggiore anticline show onlapping relationships 
suggesting slip  that is typically accommodated by  the Salsomaggiore thrust was instead 
being partitioned on more foreland structures (Artoni, 2004; Ghielmi, 2010) (Figure 1.3). 
Salsomaggiore slip rates were apparently unsteady during the Middle to Late Pleistocene, 
as evidenced by suites of uplifted and incised fluvial terraces above the Salsomaggiore 
anticline that  show accelerating rates of incision since 0.14 Ma for rivers flowing 
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Figure 1.3 Continued- Line drawings of dated growth strata horizons are shown 
(Gunderson et al 2012). These horizons lie within the wedge top basin and display 
growth-strata geometries due to deformation on both the Salsomaggiore and 
Cortemaggiore thrusts. The dashed box outlines the extent of our surface structural 
control as shown in Figure 1.3C. (C) Shows the correlation of surface structural 
measurements into the subsurface in order to create model growth strata horizons. 
transverse to the anticlinal axis (Wilson et al. 2009). This acceleration follows a period of 
slow and steady  uplift lasting at least 0.50 Myr. Insofar that incision rates serve as a direct 
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proxy for uplift rates (e.g. Pazzaglia and Brandon, 2001), Wilson et al.’s (2009) record 
shows increased uplift and fault slip during the last 0.14 Ma.
 There is also evidence that slip on the shallow imbricate mountain front faults like 
the Salsomaggiore thrust  have also slowed significantly during the Quaternary  as 
shortening was transferred to a deep, thick-skinned reverse fault, herein called the Emilia 
mountain front (EMF) fault, that accommodated much of the shortening in the Northern 
Apennines since at least 1.0 Ma (Picotti and Pazzaglia, 2008) (Figure 1.3). The deformed 
fluvial terraces indicate that the shallow mountain front faults, like Salsomaggiore, have 
not completely shut off, however, as uplifted middle-late Pleistocene fluvial terraces 
exposed all along the Salsomaggiore anticline indicate that the anticline has been actively 
deforming, albeit slowly, over the last 800 kyr (Wilson et al., 2009). 
METHODS
 We integrate stratigraphic and structural data collected along a SW-NE transect that 
follows the Stirone river (Figure 1.2, Figure 1.3) with a published age model (Gunderson 
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Figure 1.4- An example of  a progressive restoration model run used to determine the slip histories of 
the Salsomaggiore thrust and EMF reverse fault. The faults are represented as thick black lines, the 
gray lines represent the pre-growth horizon at the top of the Miocene foredeep sandstones,  and the 
thin black lines represent the modeled growth horizons. In this case, only growth horizons dated 
using magnetostratigraphy are shown. For simplification, faults are modeled as simple linear ramps 
and the effects of  deformation of the more foreland Cortemaggiore thrust are removed. The model 
captures all the essential elements of the natural structure. Using a trishear fault-propagation folding 
algorithm, the faults and folds are retro-deformed until each horizon is restored to its initial 
undeformed planar geometry. The model results demonstrate that the final, deformed geometry 
results from fault-related folding above both the Salsomaggiore thrust and EMF reverse fault. 
et al., 2012) to create a structural model of the Plio-Pleistocene growth section on the 
forelimb of the Salsomaggiore anticline. Stratigraphic data is reported in Gunderson et al. 
(2012) and includes a high-resolution age model for the Stirone growth section with 40 
kyr resolution. We model the incremental fault slip since 3.0 Ma on the Salsomaggiore 
thrust and the EMF fault by progressively restoring the previously dated growth strata 
horizons. We perform two sets of model restorations using two separate age models with 
different temporal resolutions. We perform our experiment with the two age models in 
order to observe the effects of growth strata temporal resolution on our capacity to 
resolve slip  rate variability at different timescales with the assumption that this will help 
to elucidate the underlying processes responsible for slip  rate variability. We use a coarse-
resolution age model constrained by magnetostratigraphy (Gunderson et al., 2012), to 
restore five horizons with ages spanning 1.0-3.0 Ma (Figure 1.3); the average growth 
strata temporal resolution during this interval with this age model is ~500 kyr. We then 
use a high-resolution cyclostratigraphic age model determined by correlation of growth 
strata magnetic susceptibility  to the theoretical obliquity (41 kyr) and insolation curves 
(Gunderson et al, 2012) to restore 27 dated growth strata horizons between 1.8-3.0 Ma. In 
this set of restorations, our average temporal resolution of growth strata horizons is ~60 
kyr. 
 Industry seismic reflection data collected in the Stirone valley  is used to constrain 
the subsurface geometry of the dated growth section (Figure 1.3). Our subsurface 
correlations place tight constraints on the geometry  of the deformed section and the 
geometry of the Salsomaggiore thrust, including the position of the buried fault tip line 
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and the down dip  shallowing of the thrust fault. The resolution of the subsurface seismic 
reflection data does not allow for the direct correlation of each dated horizon throughout 
the subsurface, so we use the general geometry provided by the seismic reflectors to 
create model horizons for which we have surface structural and geochronologic control 
(Figure 1.3). We project the surface structural orientations of the dated growth horizons 
onto the seismic section and create model horizons by following the subsurface geometry 
of the seismic reflectors (Figure 1.3).
 Analysis of the deformed growth section’s subsurface geometry, shows that the 
present day geometry results from the deformation of three separate structures: the 
Salsomaggiore thrust, the EMF reverse fault, and the foreland Cortemaggiore thrust 
(Figure 1.3) (Picotti and Pazzaglia, 2008; Wilson et al., 2009). For this study, we focus 
only on the Salsomaggiore thrust and EMF reverse fault, the two thrusts responsible for 
the foreland tilting observed in the Stirone Valley. In order to simplify  our restorations we 
remove the back-tilting due to slip on Cortemaggiore thrust for our model horizons 
(Figure 1.4). The geometry of the Salsomaggiore thrust is constrained by  seismic data 
and wells that penetrate the fault. The dip  (50°) and location of fault  tip  (15 km depth) for 
the EMF reverse fault are based on the results of Picotti and Pazzaglia (2008).  Both 
faults are modeled as linear ramps. The final structural model we present captures all the 
essential elements of the natural structure (Figure 1.4).
Structural Modeling
 The model growth horizons are restored to their undeformed planar geometry 
using the structural modeling workflow in the 2D-Move™ software by Midland Valley 
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(Figure 1.4). We attempt restorations using fault-bend fold (Suppe, 1983), fault-
propagation fold (Mitra, 1990; Suppe and Medwedeff, 1990) and trishear fault 
propagation fold (Erslev, 1991) kinematic models and find that the trishear kinematic 
model best restore the undeformed planar geometry of the growth section. The 
application of a trishear fault-propagation fold model is supported by the observations 
that folding has occurred above a blind thrust tip, and the forelimb growth strata displays 
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Figure 1.5- The modeled slip histories of the Salsomaggiore thrust and EMF reverse 
fault since ~3 Ma at magnetostratigraphic resolution. The dashed black lines 
represent the mean slip histories determined from all acceptable model restorations 
and the solid gray lines represent individual acceptable restorations. Time control 
for this interval comes from Gunderson et al.’s (2012) correlation of growth strata 
to the Gradstein et al. (2004) geomagnetic polarity timescale. 
progressive limb tilting and forelimb thickness variations, eliminating both fault-bend 
fold and fault-propagation fold models, respectively, as possible kinematic solutions 
(Allmendinger, 1998). In trishear fault-propagation kinematic models, the total amount of 
displacement needed to restore a horizon varies depending on various fault parameters 
such as the geometry of the fault, the trishear angle and the propagation/slip ratio of the 
fault. In order to determine the remaining parameters, we progressively restore the dated 
growth horizons with various combinations of trishear angle and propagation to slip  ratio 
(p/s) to determine which combinations best produced the undeformed planar geometries 
(Table 1.1). In doing so, we find that  multiple combinations produced near planar 
restorations. Instead of attempting to discriminate between multiple acceptable 
restorations, we treat each acceptable restoration as equally valid. For each dated horizon, 
we consider the total displacements for all the acceptable model restorations and use 
these values to calculate the mean total displacement for each time interval.
  We test the acceptability of each restoration by  calculating an F-statistic that 
compares a regression line fit through the restored horizon to a predicted horizontal line 
representing the undeformed planar geometry. We assume that the initial undeformed 
geometry of the growth strata had negligible depositional dip. This assumption is 
consistent with the lithology  of the growth section, which consists of deep-water mud 
dominated sediments that show an absence of slumping. We reject a restoration if the 
restored horizon was significantly  different than the predicted horizontal line. 
Significance is evaluated by calculating the sum of the squares between the restored 
horizon and the regression line fit  through the restored horizon. We also calculate the sum 
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of the squares between the restored horizon and the predicted horizontal line. The F-
statistic is calculated with equation 1:
  F1,13 = MS(R)/ MS(H) (1)
where MS(R) is the sum of the squares of the regression line and MS(H) is the sum of the 
squares of the horizontal line.  We used a 95% confidence interval as the threshold to 
accept or reject these restorations. We test for acceptability on each restored horizon and 
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Figure 1.6- The modeled slip history for the Salsomaggiore thrust at 
cyclostratigraphic resolution for the interval between 1.8-3.0 Ma. The dashed black 
line represents the mean slip history from all acceptable model restorations and the 
solid gray lines represent individual model  restorations. Time control for this 
interval comes from Gunderson et al.’s (2012) cyclostratigraphic correlation to 
Laskar et al.’s (2004) theoretical obliquity model.
only considered a model run as acceptable if each restored horizon during the progressive 
restoration was statistically acceptable.
RESULTS
Emilia Mountain Front Reverse Fault Slip History
Our model results show that deformation of the two youngest model horizons 
resulted almost entirely  from folding above the thick-skinned EMF fault (Figure 1.4). 
This deformation is manifest by  a long wavelength folding that cannot be produced by 
folding above the shallower Salsomaggiore thrust. The acceptable model restorations 
(Table 1.1) predict a fault  with a 50° dip, the fault  tip  to be located at 15 km, and a 
trishear angle between 40-70°. P/S ratios between 1-3.0 provided acceptable restorations. 
The wide range of acceptable trishear parameters produced a wide range of acceptable 
model solutions (Figure 1.5). After restoring the two youngest horizons via the EMF 
reverse fault, the long wavelength deformation is no longer evident. This provides a 
constraint on the initiation EMF faulting between 1.0-1.8 Ma (Figure 1.4). The EMF fault 
slip history shows near uniform slip rates for the structure since the initiation of slip and 
that the fault accumulated 2547 (+/- 1092) m of total slip (Figure 1.5). We use the age 
constraints for the initiation of EMF faulting to calculate the minimum average slip rate 
for the EMF fault to be 1.4 (+/- 0.7) mm/yr. Activity on the EMF fault does not overlap 
with the time period for which we have cyclostratigraphic age control, thereby  preventing 
us from a obtaining higher resolution record of fault slip for the structure. 
Salsomaggiore Thrust Slip History
 The model horizons also show a short wavelength folding that has a geometry 
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consistent with folding above the blind, shallow Salsomaggiore thrust. The 
Salsomaggiore thrust returns fewer acceptable model restorations with a narrower range 
of fault parameters than the EMF fault  (Table 1.1). Trishear angles between 50-70° and P/
S ratios between 2-3 produce acceptable restorations. The coarse resolution slip  history of 
the Salsomaggiore thrust determined using magnetostratigraphic model horizons shows 
variable slip behavior since 3.0 Ma (Figure 1.5). The thrust accumulated 1578 (+/- 278) 
m of total slip  at an average slip  rate of 0.5 (+/- 0.1) mm/yr. The Salsomaggiore slip 
history has two periods of accelerated fault  slip beginning at ~3.0 Ma and ~2.0 Ma. The 
accelerations are embedded in an overall deceleration in fault slip rate since 3.0 Ma. The 
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Figure 1.7- Comparison of the magnetostratigraphic resolution slip history, the 
cyclostratigraphic resolution slip history and the average slip rate between 1.8-3.0 
Ma. We calculate the Slip Rate Variability (SRV) (Cowie et al., 2012) for each slip 
history by calculating the magnitude of the slip history’s deviation from the long-
term average over a moving time window of 40 kyr. 
maximum slip rate is 2.7 mm/yr during the interval between 1.8-2.0 Ma. The major 
deceleration in slip  between 1.0-1.8 Ma is coincident with the initiation of slip on the 
EMF fault (Figure 1.5). 
 We model the slip history  between 1.8-3.0 Ma using the high-resolution 
cyclostratigraphic age model from Gunderson et al. (2012) (Figure 1.6). This history 
shows an overall deceleration in slip  rate, similar to the magnetostratigraphic model slip 
history, but is punctuated by short-lived accelerations and decelerations within the time 
span of a single magnetic polarity  chron. In general, the periods of accelerated slip rate 
are shorter than the periods decelerated slip rate. The maximum slip rate in this interval is 
6.7 mm/yr, observed in short interval between 1.96-2.00 Ma. The slowest observed rate is 
0.3 mm/yr observed in the interval between 2.00-2.52 Ma. These two intervals define the 
characteristic timescale of slip  rate variability, as best as can be determined from our 
models, to be 40-500 kyr. There appears to be no definitive periodicity  to the slip  rate 
accelerations.
DISCUSSION
 Comparing the modeled slip  histories of the Salsomaggiore thrust at two different 
temporal resolutions with the average slip  rate over the same interval shows how the time 
window over which slip  rate is averaged produces different slip histories and that long 
time windows have the potential to alias variable slip  behavior (Figure 1.7). The 
cyclostratigraphic resolution slip  history  is different than the magnetostratigraphic 
resolution slip history  in two ways: First, the total range of slip rates is larger in the 
cyclostratigraphic-resolution model history, with rates ranging between 0.2-6.7 mm/yr as 
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compared to 0.6-2.7 mm/yr in the magnetostratigraphic resolution record. A way to 
quantify this difference in the total range in slip rate is to calculate the magnitude of the 
cyclostratigraphic and magnetostratigraphy slip histories’ deviations from the mean slip 
rate. We do so by calculating the Slip Rate Variability (SRV) value, as described by 
Cowie et al. (2012). The SRV for the cyclostratigraphic resolution model is 1.06 and the 
SRV for the magnetostratigraphic model is 0.64. The higher value indicates larger 
deviations from the mean slip  rate. The second way in which the magnetostratigraphic 
and cyclostratigraphic slip histories differ is in the frequency of accelerations and 
decelerations in slip rate. The cyclostratigraphic resolution slip  history shows a higher 
frequency of variability (Figure 1.7). Based on the higher resolution model, we define a 
timescale of variability to be between 40-500 kyr. We recognize that  this characteristic 
timescale is limited by the resolution of our model and probably still does not capture the 
full range of variability. This is because the shortest slip acceleration that we observe is 
40 kyr long, which is at the limit of the temporal resolution of our model. In order to 
define the lower limit of slip rate variability, the shortest interval of constant  slip would 
need to span at least 80 kyr in our model. The end effect of the lower resolution 
magnetostratigraphic model is to average out the effects of short term accelerations and 
alias the high frequency changes in slip rate. 
 We note that when the full range of acceptable model restorations are considered 
(Figure 1.6), many parts of the two slip histories appear to overlap, suggesting the 
cyclostratigraphic model history does not actually reveal much additional variability. 
However, a prominent deviation between the two models occurs in the interval between 
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1.8-2.0 Ma (Figure 1.7). The short, rapid acceleration in fault slip is observed in the 
cyclostratigraphic history beginning at 2.0 Ma shows no overlap with the 
magnetostratigraphic slip  history over this same interval. This means that the variable slip 
behavior observed in the cyclostratigraphic slip history between 1.8-2.0 cannot be 
justifiably explained by the average slip rate over this same time span as determined from 
the magnetostratigraphic resolution model. This lends credence to our argument that the 
cyclostratigraphic resolution slip history is a more accurate description of the 
Salsomaggiore thrust’s true slip behavior. 
Possible causes of slip rate variability
 The high frequency  slip rate variability observed in the modeled slip history for the 
Salsomaggiore thrust is unexpected considering long term, regional shortening in the 
Northern Apennines are understood to be constant during Plio-Pleistocene time (Basili 
and Barba, 2007).  One of the fundamental predictions of the characteristic model of fault 
behavior is that over the intermediate to long timescales that encompass multiple 
earthquake cycles, fault slip  rates should be constant (Schwartz and Coppersmith, 1984; 
Shimazaki and Nakata, 1980). For the Salsomaggiore thrust, fault slip rates are unsteady 
on timescales between 40-500 kyr, which is a length of time that should be long enough 
to average out variability  in earthquake recurrence interval or magnitude. This poses the 
question as to what the specific process is that causes the Salsomaggiore thrust to exhibit 
slip rate variability at these intermediate timescales? 
 Since we lack similar high-resolution records of deformation over large spatial 
scales encompassing multiple structures we cannot evaluate all the potential internal and 
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external causes of slip  rate variability; however, it is possible to eliminate some potential 
causes based on the timescale at which that variability occurs. For example, Naylor and 
Sinclair (2007) described a simple relationship that can be used to determine if variable 
slip behavior is caused by  external forcing, such as changing surface loads or 
convergence rates, or processes inherent to the fault network such as variable fluid 
pressure or slip partitioning on adjacent  structures. In their numerical model of an 
orogenic wedge they observed punctuated thrust activity  on individual discrete thrusts, 
despite constant convergence rates and the absence of surface processes and defined a 
threshold timescale of internal variability that is based on the size of a thrust sheet and the 
total regional convergence rate (Naylor and Sinclair, 2007). The threshold timescale of 
variability is thus described as:
   TS = WT / CR  (2)
where TS is the characteristic timescale of internal variability, WT is the width of the 
thrust sheet, and CR is the total regional convergence rate (Naylor and Sinclair, 2007). 
This threshold timescale represents the maximum periodicity  at which a fault is expected 
to display internal variability in the absence of changing external boundary  conditions. 
Variable slip  behavior with a periodicity longer than TS must invoke an external 
causation, while slip rate variability  shorter than TS can be caused by either external or 
internal causes. This relationship allows for the determination of a threshold timescale at 
which internal processes no longer have an effect on slip rate variability. 
 Using the width of the Salsomaggiore thrust sheet (15 km) and maximum (Basili 
and Barba, 2007) and minimum (Bennett et al., 2012) estimates of Apennine regional 
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convergence rate (8 km/ Myr and 4 km / Myr, respectively), we determine the 
characteristic threshold timescale of internal variability for the Salsomaggiore thrust to be 
TS = 2.0-3.5 Myr. This means the high frequency variability occurring at 40-500 kyr 
timescales in the model slip history for the Salsomaggiore thrust  does not need to invoke 
an external cause.
 Instead, this high frequency variability is most likely  related to internal fault 
dynamics such as slip  partitioning on the more foreland Cortemaggiore or Piadena thrusts 
(Figure 1.3). The subsurface growth strata geometry  shows accelerated slip occurred on 
the Cortemaggiore thrust during periods when the Salsomaggiore thrust was deforming 
more slowly  (Artoni et al., 2004; Ghielmi et al., 2010). Strain partitioning and elastic 
interactions among connected faults has been demonstrated as an explanation for slip rate 
variability  on intermediate timescales in both extensional (Cowie et al, 2012, 
Mouslopoulou et al., 2009) and strike-slip (Bennett et al., 2004) settings. Cowie et al. 
(2012) and Mouslopoulou et al. (2009) showed that slip  rate variability  increases tends to 
increase when strain is distributed on more faults. Since the Apennine subsurface geology 
shows that multiple Northern Apennine imbricate thrusts were active contemporaneously, 
it is likely that the high-frequency, slip unsteadiness of the Salsomaggiore thrust is simply 
natural result of the elastic interactions of these faults. We recognize that  the 
Salsomaggiore and its foreland imbricate thrusts are not only  linked in the subsurface to 
each other, but the faults are also connected to similar structures along-strike as well, so it 
is possible that along-strike fault interactions might also contribute to the observed slip 
rate variability. 
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  The major deceleration in Salsomaggiore slip  rate that occurred between 1.0-1.8 
Ma (Figure 1.5), however, is different from the high-frequency variability observed in the 
rest of the Salsomaggiore slip history. It is a major deceleration in slip  rate that occurs 
only once in our 3.0 Myr slip  history. This deceleration is part of a low-frequency 
variability that occurs on multiple-Myr timescales and is also coincident with the 
activation of the EMF reverse fault and the termination or deceleration of slip on many 
shallow thrusts throughout the Northern Apennines (Picotti and Pazzaglia, 2008), 
suggesting that this deceleration is caused by a process that is external to the whole 
Apennine orogenic wedge. The major deceleration of slip  on the Salsomaggiore thrust is 
also temporally  coincident with the Alpine-derived clastic infilling of the Po basin 
beginning at 1.4 Ma, which buried the front of the Apennine wedge in sediment many 
hundreds of meters thick (Scardia et al., 2012). Critical wedge theory (Dahlen et al., 
1984; Davis et al., 1983) predicts that burying an orogenic wedge front with sediment 
should lower the overall wedge taper, causing the wedge to become subcritical, thus 
promoting out  of sequence deformation in the wedge interior in order to restore the 
wedge’s critical taper. It is possible that the Northern Apennines responded to the flux of 
clastic sediment in the past 1.4 Ma by initiating thick-skinned thrusting focused at the 
current mountain front, which steepened the wedge taper back towards its critical state. 
Thus, the influx of Alpine-derived sediment could be viewed as the external force 
responsible for the both the fault slip  deceleration on the shallow Salsomaggiore thrust 
and the activation of thick-skinned reverse faulting in the Northern Apennines.
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CONCLUSIONS
 We model the 40 kyr resolution fault  slip  history  of the Salsomaggiore thrust by 
progressively  restoring synorogenic growth strata horizons that are dated using 
magnetostratigraphy  and cyclostratigraphy. We demonstrate that the temporal resolution 
of the model slip history has a major effect on our capacity to observe the full range of 
slip rate variability. We show that the Salsomaggiore thrust slip  rates vary on timescales 
between 40-500 kyr, consistent with other observations of unsteady  deformation of 
Apennine thrusts. We show that as our model slip histories increase in temporal 
resolution, the total range of slip rates and the frequency of slip  rate fluctuations also 
increase. Using empirical relationships to discern between external and internal causes of 
slip rate variability, we demonstrate that the high-frequency slip rate variability observed 
on the Salsomaggiore thrust is likely  related across-strike partitioning and elastic 
interactions of imbricate thrusts. An external force affecting the entire Apennine wedge, 
such as the clastic filling of the Po basin, probably  drives the low-frequency slip rate 
variability that is manifest  by a major deceleration in fault slip between 1.0-1.8 Ma on the 
Salsomaggiore thrust. 
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Model # Salsomaggiore Thrust EMF Reverse Fault
Trishear 
Angle P/S Ratio Acceptability
Trishear 
Angle P/S Ratio Acceptability
1 30 1 Rejected 30 1 Rejected
2 30 1.5 Rejected 30 1.5 Rejected
3 30 2 Rejected 30 2 Rejected
4 30 2.5 Rejected 30 2.5 Rejected
5 30 3 Rejected 30 3 Rejected
6 40 1 Rejected 40 1 Rejected
7 40 1.5 Rejected 40 1.5 Rejected
8 40 2 Rejected 40 2 Accepted
9 40 2.5 Rejected 40 2.5 Accepted
10 40 3 Rejected 40 3 Accepted
11 50 1 Rejected 50 1 Accepted
12 50 1.5 Rejected 50 1.5 Accepted
13 50 2 Accepted 50 2 Accepted
14 50 2.5 Accepted 50 2.5 Accepted
15 50 3 Accepted 50 3 Accepted
16 60 1 Rejected 60 1 Accepted
17 60 1.5 Rejected 60 1.5 Accepted
18 60 2 Accepted 60 2 Accepted
19 60 2.5 Accepted 60 2.5 Accepted
20 60 3 Accepted 60 3 Accepted
21 70 1 Rejected 70 1 Accepted
22 70 1.5 Rejected 70 1.5 Accepted
23 70 2 Accepted 70 2 Accepted
24 70 2.5 Accepted 70 2.5 Accepted
25 70 3 Accepted 70 3 Accepted
Table 1.1- Model Results
39
Chapter 2: 
Unraveling tectonic and climatic controls on synorogenic stratigraphy
Kellen L. Gunderson1* 
Frank J. Pazzaglia1, Vincenzo Picotti2,, David A. Anastasio1, Kenneth P. Kodama1, 
Tammy Rittenour3, Kurt F. Frankel4, Alessio Ponza2 Claudio Berti1, Alessandra Negri5, 
Anna Sabbatini5
1 Lehigh University, Department of Earth and Environmental Sciences, Bethlehem, PA, 
USA
2 Università di Bologna, Dipartimento di Scienze Biologiche, Geologiche e Ambientali, 
Bologna, Italy
3 Utah State University, Department of Geology, Logan, UT, USA
4 Deceased, Georgia Institute of Technology, Department of Earth and Atmospheric 
Sciences, Atlanta, GA, USA
5 Università Politecnica delle Marche, Dipartimento di Scienze della Vita e 
dell’Ambiente, Ancona, Italy
40
ABSTRACT
 We develop a new high-resolution stratigraphic age model to unravel the effects 
of tectonic and climatic processes on Early to Late Pleistocene synorogenic growth strata. 
We capitalize on excellent, continuous exposures along the flank of the Po foreland in 
northern Italy to elucidate hydrologic, geomorphic and sedimentologic processes that  are 
regularly attributed to, but rarely  proven to be caused by  glacial-interglacial climatic 
changes and unsteady rock uplift. We perform our analysis on the Enza section, a 
succession of marine and terrestrial strata exposed along the Enza River, between Parma 
and Reggio Emilia, northern Italy.  Bedding in the Enza section displays synorogenic 
growth strata geometry, with bedding dips that range from 2-55° and become 
progressively  shallower up section. We develop an age model that incorporates 
biostratigraphy, magnetostratigraphy, rock-magnetic cyclostratigraphy, cosmogenic 
radionuclide burial dating, and optically  stimulated luminescence dating and shows that 
the Enza section spans the interval between 0.04-1.65 Ma. Furthermore, the age model 
pins the time of deposition for several lithostratigraphic units of regional significance and 
shows that sediment accumulation was unsteady  ranging from 14-31 cm/kyr in the 
marine part of the section, to 5-362 cm/kyr in the overlying littoral and terrestrial part of 
the section.  Unsteady deposition is most pronounced in the terrestrial deposits where the 
age model demonstrates that thick fluvial gravel packages accumulated in short (~10 kyr) 
time periods that coincided with Quaternary glacial maxima. Comparison of sediment 
accumulation rates with the uplift history of the Northern Apennine mountain front shows 
that between 1.07-1.65 Ma, the repetitive deposition of marine sand intervals was 
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controlled by local punctuated uplift of the Northern Apennine mountain front. Once the 
section became emergent at ~1 Ma and uplift slowed, the cyclic terrestrial facies 
variations in the Enza section were controlled by climatic changes. 
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INTRODUCTION
The stratigraphy of sedimentary rocks integrates fundamental and interdependent 
geomorphic, climo-hydrologic, tectonic, and eustatic processes that dictate the creation, 
transportation, and deposition of sediments. As such, sedimentary rocks represent a rich 
temporal archive utilized by countless studies that apply an inverse problem approach in 
attempts to isolate one or more of these processes. Among these are numerous basin 
analysis and geomorphic studies that rely  heavily on the conventional wisdom that 
sediment flux responds to the rate of rock uplift and growth of relief over long (105 – 106 
yr) time scales (Ahnert, 1970) whereas it is climate and changes in basin hydrology that 
dominates sediment flux over shorter (103-105 yr) time scales (Bull, 1991). 
Some sedimentary archives are well positioned to record climate or tectonics, but 
others record the complex interplay of many processes that are often difficult to unravel. 
For example, lake cores are often used for high-resolution paleoclimatic reconstructions 
because of the slow and continuous deposition that  often occurs in lacustrine 
environments (Cohen, 2003; Fritz, 2008). In lake sediments tectonic events are 
discernible as disturbed seismite layers. The high fidelity nature of lacustrine records can 
be contrasted with other more complex stratigraphic records such as alluvial fan deposits. 
Deposition on an alluvial fan is both temporally  unsteady and spatially  non-uniform and 
alluvial systems respond to many factors including climate and base level changes 
(reviewed in Bull, 1991), fire regime (e.g. Meyer et al., 1995), or internal sediment 
transport dynamics such as channel avulsion (e.g. Hajek et al., 2012). Because of this, it 
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can be difficult  to separate all of these processes that act in conjunction to build alluvial 
stratigraphy.
The role of climate, specifically  Pleistocene glacial-interglacial cycles, in shaping 
landscapes, is so deeply ingrained in geomorphic thought that Quaternary  geologists 
regularly assign ages to deposits and landforms by demonstrated or inferred correlation to 
the marine oxygen isotope curve, and have been doing so for decades (Bowen et al., 
1986). However, the assumption that stratigraphic cyclicity is always the result of 
external environmental changes is fraught with problems, as several studies have recently 
articulated (Kim et al., 2006; Kim and Paola, 2007; Jerolmack and Paola, 2011). 
Generally lacking from most syntectonic stratigraphic sections are enough numeric ages 
preserved in a crustal deformational context, and at high resolution to allow the effects of 
geomorphology, climate, tectonics, and eustasy to be confidently disentangled. 
Synorogenic growth strata offer one setting where, given a high fidelity 
sedimentary  record, the constituent external environmental and geologic drivers can be 
definitively identified.  Growth strata preserve progressive records of deformation and are 
used to interpret processes related to fold kinematics (Burbank et al., 1992; Suppe et al., 
1992; Zapata and Allmendinger, 1996; Ford, et al., 1997; Storti and Poblet, 1997; Casas-
Sainz et al., 2002) and rates of folding and faulting (Suppe et al., 1992; Holl and 
Anastasio, 1993; Butler and Lickorish, 1997; Agirrezabala et  al., 2002; Masaferro et al, 
2002; Charreau et al., 2008). While the geometric and stratigraphic relationships 
observed in many growth sections can often be directly related to underlying tectonic 
processes, in other cases climatic or sedimentological processes exert the dominant 
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control on these relationships (Castelltort et al., 2004; Pochat, et al., 2009). For instance, 
growth strata sometimes thin towards the anticlinal crest, and these thinning horizons are 
commonly interpreted to represent intervals of accelerated fold growth. However, 
Castelltort et al. (2004) showed that these thinning episodes might represent  eustatic 
changes. Similarly, sudden changes in growth strata facies are often interpreted to be the 
result of tectonic uplift or subsidence (Shaw et al., 2004; Ballato et al., 2008) but similar 
growth strata facies changes can sometimes also be explained by climatic or eustatic 
changes. 
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Figure 2.1- (A) Regional geologic map of the Northern Apennines showing the 
location of the study area. (B) Simplified bedrock and surficial geologic map of the 
study area modified from Pizziolo et al. (2005). The growth strata section (outlined 
in black) investigated here is exposed along the Enza River beginning at San Polo 
d’Enza. The Enza river section exposes foreland dipping Pleistocene marine and 
terrestrial units. The strata are positioned on the forelimb of the Quattro Castella 
anticline, which is cored by the blind Quattro Castella fault. The Enza section 
displays growth strata geometry, suggesting deposition was synchronous with 
growth of the Quattro Castella anticline. The Quaternary terrestrial deposits 
exposed on the forelimb syncline project up to equivalent uplifted fluvial terrace 
deposits exposed on the Ghiardo plateau and the backlimb of the Quattro Castella 
anticline.
In this study  we develop a high-resolution age model for a section of Pleistocene 
synorogenic growth strata exposed along the Enza River, which is exposed on the 
forelimb of the Quattro Castella anticline, a growing fault-related fold at the Northern 
Apennine mountain front, between Parma and Bologna, northern Italy (Figure 2.1). We 
assemble litho-, bio-, magneto-, and cyclo-stratigraphic data, anchored by numeric age 
data, that offer rare insights into how geomorphology, climate, tectonics, and base level 
interact in the creation of growth strata, and how a landscape responds to these external 
forces.  Our results confirm some of the prevailing general assumptions made by 
geomorphologists and sedimentologists engaged in the inverse problem approach, but it 
also quantifies rates and unsteadiness in tectonic and sedimentary processes. These 
results lead to more informed model of how climate and tectonics conspire to shape 
landscapes and sedimentary deposits.
Geologic Setting
 The Northern Apennines are a fold and thrust belt resulting from the subduction 
of Adria beneath Europe as part of the ongoing Africa-Eurasia collision (McKenzie, 
1972) (Figure 2.1). The Apennines consists of a series of stacked imbricate folds and 
thrusts that have propagated into, frontally-accreted, and underplated part of the Po 
foreland into the fold and thrust belt (Ricci Lucchi, 1986). For the Emilia Apennines, 
these imbricates are preserved beneath a structural lid composed of a former Jurassic-
Eocene accetionary prism, known as the Ligurian nappe or Ligurian lid (Pini, 1999; 
Zattin et al., 2002). The Northern Apennines are still actively shortening and uplifting, as 
evidenced by seismicity (Pondrelli et al., 2006), borehole breakouts (Montone et al., 
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2012), re-leveling surveys (D’Anastasio, 2006), GPS-geodesy (Serpelloni et at., 2005; 
Bennett et al., 2012) and river incision (reviewed in Picotti and Pazzaglia, 2008) though 
most of the shortening in the last 1 Ma appears to be concentrated at the present-day 
mountain front and not on the more foreland imbricates that are buried under the Po Plain 
sediments.
The Po Basin has served as the foreland of the Northern Apennines since the early 
Messinian (Ricci Lucchi, 1986). The southern flank of this foreland is characterized by a 
transition from marine to terrestrial strata during the middle Pleistocene (Muttoni et al., 
2003; Scardia et al., 2006; Ghielmi et al., 2010, Scardia et al, 2012). The base of this 
transitional section is the Plio-Pleistocene Argille Azzurre Formation (Fm.), which 
consists of homogenous blue-gray neritic silts and clays (Amorosi et al, 1998a; Mary et 
al., 1993; Channell et al., 1994). The upper part of the Argille Azzurre Fm. marks the 
transition from an outer neritic to nearshore environment and is conformably or 
unconformably, depending on location, overlain by the littoral Sabbie di Imola Fm. 
(Amorosi et al., 1998b). The Sabbie di Imola Fm., alternatively known as the Sabbie 
Gialle, is typically separated into three members: IMO 1, IMO 2, & IMO 3 (Muttoni, et 
al., 2011). In outcrop, IMO 1 and IMO 3 are ~5-50 m thick yellow, well-sorted, locally 
pebbly, cross-bedded sands whereas the intervening IMO 2 is a 1-5 thick blue-gray, 
freshwater clay (Marabini et al., 1995; Amorosi et al, 1998b). 
The Sabbie di Imola Fm. is unconformably overlain by a thick package of fully 
terrestrial strata subdivided into two main lithostratigraphic packages called the Lower 
Emilia-Romagna Synthem (AEI) and the Upper Emilia Romagna Synthem (AES) 
48
(Amorosi and Pavesi, 2010). The AEI and AES units represent, respectively, coastal plain 
brackish lagoonal deposits and braided or meandering fluvial systems that interfinger 
with alluvial fans close to the basin margins. In many of the Apennine mountain front 
watersheds the AEI and AES age equivalent deposits are exposed as uplifted fluvial 
terraces (Amorosi et al., 1996; Picotti and Pazzaglia, 2008; Wegmann and Pazzaglia, 
2009; Wilson et al., 2009) and in some cases these terrace deposits directly correlate to 
their equivalents in the subsiding Po foreland. 
The Enza growth section is exposed on the forelimb of the Quattro Castella 
anticline (Figure 2.1). The anticline is a leading edge fault-related fold located at the 
present-day Northern Apennine mountain front (Figure 2.1). The anticline is an 
asymmetric, doubly  plunging fold that has a tight interlimb angle near its crest with more 
gentle flanks. The Quattro Castella structure has been active since at least the late 
Pliocene time as demonstrated by the growth strata geometries of the Po foreland and 
deformed fluvial terraces on the forelimb of the fold (Barbacini et al., 2002; Pizziolo, 
2005; Boccaletti et  al., 2010; Ponza et al., 2010). The subsurface and surface geometries 
of these deposits are most consistent  with anticlinal growth by progressive limb rotation 
above a blind propagating thrust fault. 
METHODS
 We utilize the excellent exposures of growth strata on the forelimb of the Quattro 
Castella anticline to reconstruct the rates of folding and forelimb syncline sediment 
accumulation using a high-resolution age model.  
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Figure 2.2- (A) Lithology of the Enza section with the unit subdivisions described in 
this study. (B) Inclinometer symbols show the progressive shallowing of bedding 
inclinations up section, consistent with growth strata geometry. All bedding 
inclinations are directed North towards the Po foreland. Only the locations where 
bedding inclinations change are shown. 
Stratigraphic and Structural Data
 Our transect follows the Enza River, beginning directly below the SS 513 bridge 
and dam, 1 km west of the town of San Polo D’Enza (Figure 2.1). Rapid incision of the 
Enza channel due to construction of the dam and the downstream extraction of river 
bottom gravel for building aggregate over the past several decades (Marchetti, 2002) has 
provided unparalleled, near 100% exposure of the foreland dipping sediments. We 
measured 298 m of stratigraphic section describing the lithology and bedding orientation, 
(provided that suitable bedding planes were present) at 1 m intervals. The occurrence of 
macrofossils in the marine part of the section was noted.
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Figure 2.2 continued- (C) Age model sampling locations are shown. The filled 
circles represent oriented paleomagnetic samples, the open circles show the location 
of biostratigraphic samples, the open squares show CRN burial dating samples, the 
open triangles show the locations of OSL samples, the filled diamond with extended 
bars shows the extent of rock-magnetic sampling with 0.4 m sample spacing. (D) 
Pictures and short descriptions of the major lithostratigraphic units in the Enza 
section. The pictures show (from the bottom towards the top) the blue-gray marine 
clays on the Argille Azzurre Fm., a prominent rhodolith and calcarenite bed 
midway through the Argille Azzurre Fm., the littoral Sabbie di Imola Fm. 
interspersed with gravel beds, a fossilized tree stump in the AEI 1 mud, and the 
iron rich soil of the Qg 3 deposit with an unconformity separating the overlying Qg 
4 gravel. 
Calcareous Nannofossil and Foraminifera Biostratigraphy
We analyzed 23 samples for calcareous nannofossils and 17 samples for 
foraminifera in the basal 60 m of the section (Table 2.1). Nannofossil assemblages were 
prepared in smear slides directly from the sediment samples without concentration or 
centrifugation of the sediment in order to retain the original composition of the 
nannofossil assemblages. Most nannofossil smear slides were prepared for the same 
sediment samples used for foraminiferal analyses. Estimates of the total calcareous 
nannofossil species abundance were carried out using a polarized light microscope at a 
magnification of 1250x. A minimum of 300 fields of view were observed in random 
traverses for each sample. Calcareous nannofossil total abundance and biodiversity were 
semi-quantitatively  evaluated. Foraminifera sample processing required the sediment to 
be dried for 24–48 h at 50°C; weighed, soaked in distilled water, and wet sieved with 
mesh widths of 63 µm. Residues were dried again at 50 °C. The foraminiferal species 
were identified and semi-quantified in the sediment fraction >150 µm. Species abundance 
is expressed using a semi-quantitative convention where A=abundant (more than 10 
specimens/ field of view (FOV); C=common (1–10 specimens/FOV); F=few (1 
specimen/1–10 FOV); R=rare (1 specimen/10–50 FOV); and B=barren. For the 
foraminifera, species counts were performed for 200 specimens where  “rare” indicates 
values lower than 1% in abundance.
Magnetostratigraphy
 We collected 100 oriented samples from 32 stratigraphic horizons (sites) for the 
construction of a local magnetostratigraphy  (Figure 2.2). At least 3 samples were 
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collected per site. All magnetostratigraphic samples come from the lower 180 m of the 
section, spanning the Argille Azurre, Sabbie di Imola, and basal AEI units. The average 
stratigraphic spacing between sites was 5.6 m, with a 14 m maximum spacing between 
sites. The samples were collected in oriented 8 cm3 plastic boxes on pedestals carved into 
the outcrop. 
 The majority of the oriented samples were demagnetized from 0-100 mT using 
the alternating-field (AF) demagnetization technique in a 2G Enterprises, Inc. 
superconducting magnetometer at Lehigh University. Four samples were subject to 
thermal demagnetization from 0-700 C in 50° C steps using an ASC-TD-48 thermal 
demagnetizer. We primarily employed AF demagnetization because Gunderson et al. 
(2012) demonstrated that  AF and thermal demagnetization techniques were equally 
successful in isolating the characteristic remanent magnetization (ChRM) of rocks in a 
lithologically and temporally equivalent section in the nearby Stirone Valley and 
employing AF demagnetization techniques eliminated the unnecessary complications 
associated with the heating of samples housed in the plastic sample boxes. We thermally 
demagnetized four samples in order to confirm that AF and thermal demagnetization 
results are consistent. ChRM directions were obtained via principal component analysis 
(PCA) (Kirshvink, 1980). Sample directions were converted to virtual geomagnetic poles 
(VGPs) and site mean VGPs were determined using Fisher statistics (Fisher, 1953). 
Partial anhysteretic remanent magnetization (pARM) spectra (Jackson et al., 1988) were 
produced to help  identify the magnetic mineralogy. The pARM  spectra were obtained by 
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applying an ARM  on representative samples in 5 mT steps from 0-100 mT in the 
presence of a 97 µT DC bias field.
Cyclostratigraphy
 Unoriented rock-magnetic samples were also collected in the lower 180 m of the 
section spanning the Argille Azzurre Fm., the Sabbie di Imola Fm., and the basal clay of 
the AEI Fm. in pre-weighed 8 cm3 plastic boxes for rock-magnetic cyclostratigraphy 
(Figure 2.2). The average sample spacing was 0.4 m and 441 samples were collected in 
total. Above the AEI basal clay, the occurrence of gravel units made the continuous 
sampling of fine-grained sediments needed for cyclostratigraphic analysis impossible. We 
measured low-field magnetic susceptibility  (χ) on each sample using a KLY-3 
Kappabridge and normalized each measurement by sample mass. 
 We performed Multi-taper method (MTM) (Thompson, 1982; 1990) spectral 
analysis on the χ data series to identify significant periodcities which we correlated to 
climate cycles. Absolute time was obtained by calibrating the χ  data series using the 
newly developed magnetostratigraphy (see above). Simple linear interpolation re-
sampling was performed using the Analyseries 2.0.4.2 program (Paillard, et al. 1996) and 
power spectra were produced for the un-tuned χ data series using the SSA-MTM software 
(Ghil et al., 2002). We identified significant cycles in the power spectra by  calculating a 
95% confidence interval above a robust red noise model (Mann and Less, 1996). We 
correlated our χ data series to the theoretical obliquity model of Laskar et al. (2004) to 
obtain 40 kyr temporal resolution. In doing so, we followed the procedures of Gunderson 
et al. (2012) for identifying the obliquity cycles in our χ data series by applying a 
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Gaussian filter centered on a frequency of 0.024 1/kyr and using the filtered data series to 
aid our correlation to the theoretical obliquity curve.
Cosmogenic Radionuclide Burial Dating
 The production rates and half-lives of cosmogenic radionuclides (CRN) 10Be (t1/2 
= 1.34 My) and 26Al (t1/2 = 0.72My) in quartz are used to determine the timing of 
sediment deposition and burial  (Granger and Muzikar, 2001; Granger et  al. 2006). 
Ideally, the transport, deposition, and burial of CRN-dosed quartz sand is geologically 
instantaneous compared to the time of exposure near the surface and acquisition of the 
CRN dose. Furthermore, burial greater than 10 m provides effective shielding of the 
sediment from further CRN dosage, save highly  penetrative muons.  The regional 
geologic setting and deep recent  incision of the Enza River indicates that these 
assumptions have been satisfied.
This analysis also determines the CRN dosage of the sediment when it was within 
~0.6 m of the surface and part of the source watershed’s soil profile that can be inverted 
for a paleo-erosion rate at the time of sediment burial (Schaller et al., 2004; Balco and 
Stone, 2005). In the Enza section, we collected 4 samples for 10Be/26Al CRN dating and 2 
additional samples for CRN paleo-erosion rates using just 10Be. We determined 
independent burial ages for the paleo-erosion rate calculations using optically stimulated 
luminescence (OSL) burial dating (described below), magnetostratigraphy, and 
biostratigraphy  (both described above). Two CRN burial dating samples were collected 
from the same interval in the Sabbie di Imola, separated by  1 m (153 m and 154 m). 
Additional CRN burial dating samples were collected from sand lenses in first AEI gravel 
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unit and the base of the Qg 2 gravel (Figure 2.2). The AEI sample was collected from a 
correlative section exposed in a recent landslide scar, in the mountain front ~4 km 
southeast of the Enza section (Figure 2.1). Our logic in changing the sampling location 
was to test the assumptions for rapid erosion, transport, and deep burial of material 
anywhere along the outcrop strike of these units. While rapid anthropogenically induced 
incision (Marchetti, 2002) of the Enza River over the past ~60 years has exposed the 
Enza sample locations at the surface, this short time of re-exposure has probably  not 
significantly contributed to the measured nuclide concentrations in the samples. The 
sample from the AEI sand remained deeply (~ 20 m) shielded beneath surface and 
hillslope colluvial detritus.
 Sediment samples were processed at the Cosmogenic Nuclide Geochronology 
Laboratory at the Georgia Institute of Technology. The sediments were sieved to isolate 
the 250-500 µm grain-size fractions and dissolved in hydrochloric acid (HCL) to remove 
all minerals except quartz. The remaining quartz was leached in hydrofluoric acid (HF) in 
order to remove any meteoric 10Be adhered onto the grain surfaces. Approximately 200 g 
of quartz was then dissolved for the four burial samples and 100 g was dissolved for the 
two paleo-erosion rate samples (Table 2.2). After dissolution a 9Be spike of known mass 
was added to each sample. Al and Be were then separated and precipitated. Each sample’s 
Al concentration was determined by ICP-MS analysis of a sample aliquot taken before 
dissolution. The 10Be/9Be and 27Al/26Al ratios were measured by  AMS at Lawrence 
Livermore National Laboratory. The total concentration of 10Be and 26Al were then 
calculated.
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Sediment burial ages were calculated from the 10Be and 26Al concentrations using 
the procedures outlined in Granger and Muzikar (2001) and Granger et al. (2006). As the 
past nuclide production rates are unknown, we assumed the modern production rates, 
scaled for latitude and elevation using the scaling parameters of Lal (1991). We used the 
sample location latitudes and the mean present day  Enza River watershed elevation of 
728 m determined from a 1 m resolution digital elevation model for scaling calculations. 
This assumes that the primary sediment source for the burial samples is from a local 
Northern Apennine paleo-watershed with similar elevation and lithological distributions 
to the present day Enza watershed. This assumption is reasonable given the similarity in 
deposit provenance to active channel alluvium texture and composition. 
Optically Stimulated Luminescence Dating
 Age estimates for the deposition of the youngest sediments in the Enza section 
were determined using optically  stimulated luminescence (OSL) dating (Huntley et al. 
1985). Assumptions of exposure, erosion, transport, and deposition of quartz sand for 
OSL analysis are the same as described above for the CRN analysis. We collected seven 
OSL samples by driving stainless steel tubes into fine- to medium-grained sand lenses 
within gravels in the Qg 3 and Qg 4 units (Figure 2.2).  OSL samples were collected at 
multiple horizons, including the top, middle, and base of the units in an effort to 
determine the time intervals represented by gravel aggradation.  Two of the OSL 
sampling locations at the base of the Qg 3 and Qg 4 deposits coincide with CRN 10Be 
paleo-erosion rate sampling locations. Additional sediment samples were collected within 
20 cm of all the OSL sampling sites to measure the dose rate and sediment water content. 
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Figure 2.3- (A) Representative vector endpoint diagrams for samples in the Argille 
Azzurre (14 m), Sabbie di Imola (155 m), and AEI formations (180 m) show the 
magnetization directions during progressive AF demagnetization. The open 
squares represent the vertical component and the closed circles represent the 
horizontal component of the magnetization direction.
 Samples were processed using the standard procedures of Aitken (1998) under 
amber safelight at the Utah State University Luminescence Laboratory. Samples were 
sieved to isolate a narrow grain size range between 75-250 µm. The exact grain-size 
range was modified as needed to procure enough sediment to perform the analyses (Table 
2.3). After sieving, samples were washed in HCl followed by gravity separations (2.7 g/
cm3) and HF dissolution (90-minute total) to remove all non-quartz minerals. 
Radioelemental concentrations of U, Th, K, and Rb were measured using ICP-MS and 
ICP-AES techniques (ALS Chemex Labs Elko Nevada) and dose rate was derived from 
concentration by conversion factors (Aitken, 1985; Adamiec and Aitken, 1998). Cosmic 
ray contribution to the dose rate was calculated using the sample depth, latitude, and 
elevation (Prescott and Hutton, 1994). Radioactive element concentration, water content, 
and cosmic ray contributions were combined to determine the overall dose rate for each 
sample (Aitken, 1998).
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Figure 2.3 continued- (B) Demagnetization curves show the decrease in sample 
magnetization during progressive AF demagnetization. All of the samples are 
dominated by a low coercivity component of magnetization. (C) Stereographic 
projection showing the remanent magnetic directions for all 93 oriented samples. 
Filled circles represent lower hemisphere directions and open circles represent 
upper hemisphere directions. (D) Mean normal and reverse remanent directions 
with 95% confidence intervals for all paleomagnetic samples from the Enza section. 
We use the VGP latitudes to assign samples to normal or reverse groups for the 
purpose of calculating mean directions. 
 Small aliquots (~100 grains) of quartz sand were analyzed using the single-aliquot 
regenerative-dose (SAR) method of Murray and Wintle (2000, 2003) and Wintle and 
Murray (2006). The equivalent dose (De) was calculated using the Central Age Model 
(CAM, Galbraith et al. 1999). Two of the samples produced De distributions that were 
skewed towards higher De values. These skewed distributions suggest partial bleaching 
of quartz, which is common in fluvial sediments (Olley et al., 1998, 1999). For these 
samples, we calculated the De using a Minimum-Age Model (MAM, Galbraith et al. 
1999) (Table 2.4). The final burial ages were calculated by dividing the De by the dose 
rate. All ages are reported at 2-sigma standard error. 
RESULTS
Lithostratigraphy
 The Enza section coarsens upwards through 298 m of growth strata that records a 
transition from offshore marine to proximal terrestrial environments (Figure 2.2). 
Transitions between the different rock facies are gradual in some places and abrupt in 
others. Bedding dips to the north-northeast with progressively shallower dips upsection, 
from 55o at the base of the section and shallowing to 2o at the top. Following the large 
body of geologic mapping and stratigraphic studies completed by the Regione Emilia-
Romagna Servizio Geologico (Pizziolo et al., 2005), we subdivide the section into four 
basic lithostratigraphic units defined by distinct textures, sedimentary structures, and 
fossils (Fornaciari, 1997).
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Figure 2.4- (A) Virtual geomagnetic pole (VGP) latitudes for oriented samples in 
the Enza section. The open circles represent individual sample VGPs and the filled 
circles represent average VGPs for each horizon. Horizons with positive average 
VGPs greater than 45 were classified as normal magnetic polarity and horizons 
with negative average VGPs less than -45 were classified as reverse magnetic 
polarity. (B) Four magnetic polarity zones are defined based on the site-averaged 
VGP’s. The single normal polarity site at ~ 45 m does not define a normal magnetic 
polarity zone, likely due to late stage hydrothermal overprinting of the remanent 
magnetic direction (see text for details.) (C) Correlation of magnetic polarity zones 
to the Geomagnetic Polarity Time Scale (Gradstein et al., 2004). This correlation is 
constrained by the available biostratigraphy in the section and the commonly 
accepted ~ 1 Ma depositional age of the Sabbie di Imola (Cyr and Granger, 2008).  
Argille Azzurre Formation
 The base of the section between 0-127 m consists of neritic, blue-gray, thickly 
bedded, sandy mud that is the upper part  of the Plio-Pleistocene Argille Azzurre (blue 
clay) Formation (Mary  et  al., 1993; Channell et al., 1994; Amorosi, 1998a). At the Enza 
section, the Argille Azzurre Fm. is separated into two members representing outer neritic 
and inner neritic environments, respectively. The basal member of the Argille Azzurre 
Fm., representing the outer neritic environment, consists of ~64 m of thickly bedded silty 
clay. Between 30-60 m in the section, several tube-shaped, light gray  carbonate 
concretions are exposed. These concretions are between 20-40 cm in diameter and are 
oriented steeply to bedding. They represent chimneys, likely related to methane seepages, 
that are common in the Northern Apennine foredeep (Conti and Fontana, 1999; Conti et 
al, 2007). Other elongated concretions oriented steeply to bedding have been interpreted 
as large crustacean burrows (Fornaciari, 1997). Bedding dips shallow from 55o at the base 
of the interval to 42o at a distinct, 2 m thick resistant  rib of coral- and bryozoan-bearing 
calcarenite and rhodolith. The beds overlying the rhodolith dip 35o resulting in a distinct 
angular unconformity (Figure 2.2).  
The next 61 m of section above this unconformity  is composed of several fining-
up cycles representing the inner neritic/ transitional member of the Argille Azzure Fm. 
(Figure 2.2).  Each cycle is marked by a sharp-based calcarenite bed (≤1m thick) exposed 
at 69m, 100, 113m, and 125m in the section. The calcarenites consist of coarse to pebbly 
sand with numerous shells and shell fragments, including whole valves Arctica islandica, 
a bivalve mollusc which is known to be present during cold water incursions into the 
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Mediterranean beginning at  1.8 Ma (Raffi, 1986; Dominci, 2001). Above each calcarenite 
bed are 4-8 m intervals of fine-grained, well-sorted, thinly bedded, rippled sand with mud 
drapes. These sand layers are conformably overlain by 10-15 m thick intervals of medium 
to thick-bedded blue-gray, silty-clay. 
The upper 14 m of the Argille Azzurre Fm., between 127-141 m, consists of 
intercalated, fine to medium grained, thinly  planar bedded sand and fine grained to 
pebbly  yellow sand with climbing ripples and lignite-rich clay intercalations. These beds 
represent the transitional phase between the inner neritic marine environment to a more 
proximal nearshore environment. Bedding dips at the top of this interval shallow to 24° to 
the foreland.
Argille Azzure Fm. macrofossils are described in detail in Fornaciari (1997). 
Abundant taxa include Pecten jacobaeus, Turitella sp., Amusium cristatum, Ranella 
olearia, Arctica islandica, Glossus humanus, Lutaria lutaria, Arca sp., Ostrea sp., 
Chlamys sp., and Venus nux. The sequence stratigraphic context of the Argille Azzurre 
Fm. in outcrop and the subsurface is described in Amorosi et al. (1998a).
Sabbie di Imola Formation (Sabbie Gialle)
The Argille Azzurre Fm. is conformably and gradually overlain by a yellow-tan, 
medium grained, well sorted, medium to thick-bedded sand unit interpreted as the Sabbie 
di Imola Fm. (Figure 2.2). The Sabbie di Imola Fm. is composed of two 10-15 m thick 
sand units (IMO 1 and IMO 3) separated by a 2 m thick interval of thinly bedded blue-
gray mud intercalated with thin layers of organic material (IMO 2). IMO 1 shows high 
angle cross laminations, both symmetrical and asymmetrical, with locally  climbing 
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ripples. IMO 3 contains cross-bedded sands interbedded with 0.2-1.0 m thick coarse 
gravel beds. These gravel beds contain pebble to cobble size clasts and their thickness 
and frequency increases upsection. The bedding dips change from 23° to 21° across the 
Sabbie di Imola interval and the top of the formation is marked by an angular 
unconformity. The macrofossil biostratigraphy of the Sabbie di Imola Fm. is described in 
Fornaciari (1997) and contains abundant Cerastoderma glaucum, Neverita josephina, 
Chamelea gallina, and Glycymeris sp. The Sabbie di Imola Fm. is a distinct 
allostratigraphic package that can be traced in outcrop along strike of the entire northern 
Apennine mountain front as well as down-dip  into the Po foreland, where it is a distinct 
seismic facies recognized by its bounding surfaces and foreland-propagating clinoforms, 
interpreted as rapidly prograding shoreface unit.
AEI Formation
 The AEI Fm. (Lower Emilia Romagna Synthem) unconformably  overlies the 
Sabbie di Imola Fm. and consists of several repeating packages of brackish to fresh 
palustrine mud, well-sorted, open-framework fluvial sand and gravel, and clast  to matrix-
supported, poorly-sorted and stratified diamictons interpreted as alluvial fan debris flow 
deposits (Figure 2.2). Unlike the Sabbie di Imola and Argille Azzure formations, facies in 
the AEI unit commonly exhibit mottling, bioturbation, and structure consistent with 
subaerial exposure and pedogenesis. The number of cycles in outcrop varies along the 
northern Apennine mountain front, but at the Enza three main cycles are recognized, 
similar to what is observed in cores down dip in the Po foreland (Amorosi and Pavesi, 
2010).
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In the Enza section, the base of the formation is a weathered blue-gray and 
orange-mottled palustrine mud that dips 18° towards the foreland. Freshwater gastropod 
shells (Planorbis sp.) and preserved organic matter are abundant in this interval. At the 
top of the unit there is a horizon that preserves fossilized tree stumps in growth position. 
A sharp contact  separates this basal mud from an overlying 5 m thick interval of gray, un-
weathered, well-rounded, pebble to cobble size, imbricated, and stratified fluvial gravel 
with an open framework, sandy  matrix. A second sharp contact marks the top of these 
fluvial gravels and the base of a 4 m thick interval of chaotically bedded, pebble to 
cobble sized, matrix and clast supported angular gravels with a silty-clay matrix. This 
matrix-supported unit is deeply-weathered, displaying both red-orange oxidized 
coloration as well as gray mottled colors. In contrast to the underlying fluvial beds, it 
most likely represents debris-flow dominated deposition on an alluvial fan formed along 
the northern Apennine mountain front. 
This mud, fluvial gravel, weathered debris flow cycle is repeated two more times, 
incompletely, in packages 6 and 16 m thick, respectively. The top  of AEI unit is a 
weathered, mud-rich debris flow deposit that sits directly  atop a weathered mud interval 
with no intervening fluvial gravel. At the top  of the AEI unit, the bedding dip has 
shallowed to 14° (Figure 2.2). 
Quaternary Gravels (AES)
 The top of the Enza section exposes several thick (10’s of meters) cycles of fluvial 
gravels capped by thin (1-3 m) debris flow deposits and distinct paleosols that preserve 
identifiable soil horizons. This lithostratigraphic package, formally defined as the AES 
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(Upper Emilia Romagna Synthem; Pizziolo et al., 2005; Molinari et al., 2007), is here 
called Quaternary  gravels because these deposits are the exposed, Po foreland equivalents 
of numerous river terraces mapped in the directly adjacent, uplifted northern Apennine 
mountain front (reviewed in Picotti and Pazzaglia, 2008; Wilson et al., 2009). Four 
separate, distinct units, sequentially numbered Qg 1, Qg 2, Qg 3, and Qg 4 adopt the 
nomenclature used for the mapped terrace deposits (Figure 2.2). An important, defining 
characteristic of each gravel unit  is the paleosol that  caps the top  of each unit. As in the 
river terraces, these paleosols provide a means for lithostratigraphic identification and 
regional correlation (Eppes et al., 2008).  
 In the Enza section, there is no separate Qg 1 deposit; rather, Qg 1 time is 
represented by the truncated soil developed through the uppermost debris flow facies of 
AEI. Here, the soil is up to 6 m of red (2.5 YR) silty clay developed through a poorly 
sorted, chaotically bedded, angular, pebble to cobble sized AEI 3 debris flow unit. The 
pedogenic-alteration has created an argillic horizon with subangular blocky structure and 
thick, continuous clay films on ped faces. The upper 0.3 m is the preserved base of a 
more poorly-developed, reddish-brown B or Bw horizon. Along the Apennine mountain 
front, this soil is found in weathering deposits of similar texture that cap the highest 
interfluves (Eppes, et al., 2008; Picotti and Pazzaglia, 2008; Wegmann and Pazzaglia, 
2009; Wilson et al., 2009).  It is difficult to know how these highly  eroded terrace 
remnants correlate into the various AEI facies thus we adopt the convention that all AEI 
gravel is old enough to have been exposed to the weathering environment during, and 
before Qt 1 time, generating a soil with similar characteristics on deposits of different 
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texture and age.  The Qg 1 soil dips 13° towards the foreland and its top is clearly 
truncated and in angular discordance with the overlying Qg 2 unit that dips ~10o. 
Qg 2 is composed of ~ 20 m of moderately stratified, poorly sorted, well-rounded, 
and locally  imbricated sandy  gravel with channel and bar forms. Interbedded with the 
gravel are common, 0.5-1 m thick, well-sorted, fine-medium grained sand lenses. These 
bars are laterally continuous for ~3-4 m. A Elephas antiquus tusk was found in a sand bar 
around the middle of the deposit. The top  of the Qg 2 deposit is marked by a 3 m thick 
chaotically  bedded debris flow deposit, capped by  a 2 m thick paleosol that is very 
distinct from the paleosol preserved in Qg 1. The Qg 2 paleosol is a calcic soil, with a 
basal stage II-III Btk horizon including cm-scale nodular carbonate concretions and an 
upper gleyed argillic horizon with prismatic, parting to subangular blocky peds. The Qg 2 
paleosol is truncated and in angular discordance of ~6o with the overlying Qg 3 unit 
(Figure 2.2). Qt 2 is the updip fluvial terrace (Eppes et al., 2008; Picotti and Pazzaglia, 
2008; Wilson et al., 2009) in the Apennine mountain front that is equivalent to the Qg 2 
gravel and soil.
Qg 3 is ~25 m thick and has very  similar textures, sedimentary  structures, and 
forms as described for Qg 2. The fluvial facies is capped by an ~2 m thick debris flow 
deposit with a well-developed, distinct paleosol characterized by red-orange mottled clay 
and common cm-scale ironstone and manganese concretions. The Qg 3 unit has a gentle 
4° dip towards the foreland. Its updip fluvial terrace equivalents are represented by the Qt 
3a and Qt 3b terraces (Eppes et al., 2008; Pazzaglia and Picotti, 2008; Wilson, 2009).
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The top of the Qg 3 unit is in angular discordance of ~2o with the overlying Qg 4 
unit. Similar in texture, sedimentary structure, and form to Qg 2 and Qg 3, the Qg 4 unit 
is ~25 m thick and capped by a thin (~1-2 m) debris flow facies with a red, cumulic 
paleosol. This paleosol has a ~1 m thick argillic horizon with well-developed clay films 
on subangular blocky  ped faces. The argillic horizon is both developed through and 
capped by  loess with rare ironstone or manganese concretions. The Qg 4 interval dips 
shallowly  into the foreland at ~2° and has an updip  equivalent  Qt 4 fluvial terrace known 
mostly from the Reno River valley (Eppes et al., 2008; Pazzaglia and Picotti, 2008). 
Biostratigraphy
The rich marine and terrestrial invertebrate, vertebrate, and plant fossils in the 
Enza section are excellent indicators of depositional environment, but poor indictors of 
age. Most of the taxa are extant and known to be characteristic of the Pleistocene. Finer 
biostratigraphic zonation that would indicate more precisely  when in the Pleistocene 
these deposits formed can only be determined using calcareous nannofossils and the rare 
planktonic foraminifera. The results of our calcareous nannofossil and planktonic 
foraminfera analyses are shown in Table 2.1. Calcareous nannofossils are generally 
abundant and show moderate to poor preservation. Almost  all the samples show reworked 
calcareous nannofossils ranging in age from the Cretaceous to the Miocene. The 
reworked nannofossils typically exceed 10% of the assemblage, which makes it 
challenging to recognize the last occurrence (LO) of key species that can sometimes be 
masked by this reworking. The base of the Argille Azzurre Fm. in the Enza section 
contains Gephyrocapsa oceanica (medium sized Gephyrocapsa of Raffi et al., 2006) 
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indicating the base of the MNN 19a zone (~1.8 Ma) of Rio et al. (1990). In addition, 
Calcidiscus macintyrei is either missing or very  rare throughout the entire section, an 
observation consistent with the biostratigraphical scheme of zone MNN 19c which has a 
basal age ~1.7 Ma (Raffi et al., 2006). The foraminiferal assemblage is mainly composed 
of benthic foraminifera with very rare planktonic foraminiferal taxa, indicating relatively 
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Figure 2.5- Representative partial anhysteretic remanent magnetization (pARM) 
spectra for un-oriented samples from the Enza section. En-050 has two pARM 
peaks with slightly overlapping coercivity ranges. This suggests that sample has 
both low and high coercivity components of magnetization present. The single 
pARM peak seen in sample En-100 suggests a single, low-coercivity component of 
magnetization. 
shallow waters of 50-70m depth. The observation of rare Globorotalia inflata and 
Neogloboquadrina pachyderma (Table 2.1) are consistent with the calcareous nanofossils 
because since these species first occurrences correspond to MIS 64 at 1.67 Ma (Sprovieri 
et al., 1990; Vergnaud Grazzini 1994). In summary, the calcareous nannofossil and 
foraminfera biostratigraphy places the base of the Enza section in the Early Pleistocene, 
with an age ~ 1.6–1.7 Ma. We use this age as an anchor point for our magnetostratigraphy 
and cyclostratigraphy.  
Magnetostratigraphy
Principal component analysis (Kirschvink, 1980) of oriented samples shows that 
ChRM components are obtainable for 93 out of 100 samples subject to AF or thermal 
demagnetization. The remaining 7 samples do not yield consistent directions during 
progressive demagnetization. Representative vector endpoint diagrams (Zijderveld, 1967) 
for both normal and reverse samples are shown in Figure 2.3. Of all the ChRM directions, 
17 are interpreted as normal polarity  directions and 76 samples have a reversed polarity. 
The reverse polarity ChRM directions are tightly clustered whereas the normal polarity 
directions show a larger scatter. The average reverse and normal polarity directions are 
nearly antipodal (Figure 2.3). 
We define a magnetic reversal stratigraphy  using the average VGP latitudes from 
each sample horizon (Figure 2.4). We observe five polarity reversals that we use to define 
four magnetozones. We define our magnetozones as intervals that contain at least two 
consecutive horizons with the same polarity. The base of the section shows a well-defined 
reversed polarity magnetozone. There is a deviation from these reversed polarity  horizons 
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between 35-60 m in the section, including a single site that has a normal polarity as 
defined by the positive VGP latitude at 46 m. We did not define this interval as a separate 
magnetozone for two reasons. First, the lack of agreement between individual samples 
collected from the same horizon and adjacent horizons suggest this zone, if normal 
polarity, does not represent a prolonged geomagnetic polarity  reversal. Second, the 
interval between 35-60 corresponds to the same interval where the methane expulsion 
vents are exposed in the Argille Azzurre Fm. This suggests the anomalous normal 
directions obtained from this interval are likely related to post-depositional hydrothermal 
magnetic overprinting that occurred during methane expulsion. 
Continuing upsection there are well-defined reversed polarity sites between 
60-140 m, with the exception of a zone of intermediate polarity at ~130 m. A polarity 
reversal occurs between 140.4-146 m in the section, in the IMO 1 member of the Sabbie 
di Imola Fm.  A normal-reverse polarity transition then occurs between 155-157.5 m. 
This reversal partially overlaps with 2 m thick IMO 2 clay interval separating the two 
IMO 1 and IMO 3 sand members. A final reverse-normal transition occurs in the basal 
clay of the AEI formation. 
We correlate our reversal stratigraphy  to Gradstein et al.’s (2004) Geomagnetic 
Polarity Timescale (GPTS) in Figure 2.4. We correlate the polarity  boundary at the base 
of the N1 magnetozone to the base of the Jaramillo subchron at 1.07 Ma (Gradstein et al., 
2004). The top of N1 magnetozone correlates to the top of the Jaramillo subchron at 0.99 
Ma. The polarity  boundary at the top of the R2 magnetozone correlates to the Bruhnes-
Matayama subchron polarity  boundary at 0.78 Ma. The R1 interval at the base of the 
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section correlates to the reversed interval in the Matayama subchron between 1.07-1.78 
Ma. The available paleomagnetic data provides no additional constraints regarding the 
exact timing for the base of the section.
 Magnetic mineralogy
 Progressive demagnetization curves (Figure 2.3) and pARM spectra (Jackson et 
al., 1988) (Figure 2.5) show that the magnetic mineralogy  is primarily  composed of a 
low-coercivity (20-30 mT) component of magnetization, although some samples show 
evidence of an additional higher-coercivity (60-80 mT) component of magnetization. The 
coercivity ranges of these two components are consistent with the documented mean 
coercivities of magnetite (24 mT) and greigite (67 mT) (Peters and Dekkers, 2003), but 
there is not enough rock-magnetic data to conclusively  identify either mineral. The 
samples that contained both components are mostly located near the basal member of the 
Argille Azzurre Fm. Previous rock-magnetic studies of the Argille Azzurre Fm. nearby in 
the Northern Apennines also recognized the presence of greigite and showed that it 
carried a primary magnetization (Sagnotti and Winkler, 1999; Gunderson et al., 2012).
Cyclostratigraphy
 The χ data series shows multi-hierarchical, high frequency variability through the 
stratigraphic interval between 0-180 m (Figure 2.6). Additionally, the χ data series shows 
multiple amplitude variations as well. These changes in amplitude are mostly coincident 
with changes in lithology. High-amplitude peaks observed between 0-85 m occur 
primarily  in the homogenous silt and clay  that is characteristic of the lower Argille 
Azzurre Fm. In contrast, a low-amplitude susceptibility interval occurs between 85-120 
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m, coincident with a coarser grain size and the neritic to nearshore transition in the upper 
Argille Azzurre Fm. The Sabbie di Imola Fm. is characterized by  low mean χ values, but 
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Figure 2.6- The magnetic susceptibility (χ) data series for the Enza section. The 
small filled circles show the individual sample values. Samples were collected every 
0.4 m and extend from the base of the Argille Azzurre to the top of the AEI 1 clay. 
with a larger amplitude in comparison to the underlying transitional interval. The lower 
palustrine clays of the AEI Fm. show high amplitude χ variability similar to what is 
observed in the Argille Azzurre Fm.
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Figure 2.7- Multi-taper method power spectra for the un-tuned (A) and obliquity-
tuned (B) χ data series. The power spectra frequency has units of 1/kyr, as we 
previously calibrated the data series with absolute time using our 
magnetostratigraphic correlations (Figure 2.4). The dashed black lines are the 95% 
and 99% confidence intervals above a robust red noise model (Mann and Lees, 
1996). The power spectrum in (B) was tuned to the Laskar et al. (2004) theoretical 
obliquity model.
 The power spectrum obtained by  MTM spectral analysis of the un-tuned χ data 
series shows significant spectral peaks aligned with frequencies that are associated with 
Milankovitch cycles (Figure 2.7a). The χ data series had previously  been calibrated to 
absolute time using the magnetostratigraphy. The un-tuned power spectrum has 
significant peaks at frequencies of 1/205.9 kyr, 1/102.4 kyr, 1/78.7 kyr, 1/64.1 kyr, and 
1/35.7 kyr. The 102.4 kyr cycle in the χ data series is associated with the ~100 kyr 
eccentricity forcing while the 35.7 kyr cycle is a slightly  misaligned obliquity cycle, 
which is consistent with the shortened obliquity cycles observed in the δ18O record during 
this time (DR2). The 204.9 kyr, 78.7 kyr and 64.1 kyr cycles are consistent with expected 
transient frequencies that are associated with eccentricity-precession modulation that is 
known to occur during the Early  Pleistocene (Hinnov, 2000; Appendix 1). In comparison, 
the obliquity-tuned power spectrum shows significant peaks at all the same frequencies 
observed in the un-tuned spectrum, plus significant peaks at precession-aligned 
frequencies of 1/20.1 kyr and 1/18.9 kyr (Figure 2.7b). Tuning the χ data series to the 
theoretical obliquity model corrects for small changes in sediment accumulation rate that 
mask the precession signal. The increased power in the expected precession bands in the 
tuned-spectrum is an additional evidence of the efficacy of our cyclostratigraphic 
analysis.  
The χ  data series is correlated to the Laskar et al. (2004) theoretical obliquity 
model to provide 40 kyr resolution of the basal 180 m of the Enza section (Figure 2.8). 
The large χ  peaks correlate to obliquity maxima and the intervening smaller peaks are 
attributed to precession. This correlation is consistent  with little variation in the rate of 
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sediment accumulation at time scales ≥ 40 kyr for the lower 180 m of the Enza section 
despite the obvious changes in sediment texture.  
Cosmogenic Radionuclide Burial Dating
 CRN burial ages for the Sabbie di Imola, AEI, and Qg 2 formations are presented 
in Table 2.2 and plotted on a cosmogenic burial plot in Figure 2.9. In three cases, the 
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Figure 2.8- Correlation of the un-tuned χ data series to the Laskar et al. (2004) 
theoretical obliquity model. The χ data series was scaled to absolute time using the 
magnetostratigraphy in Figure 2.4 and re-sampled in regular intervals. The 
obliquity-bandwidth filtered χ data series is also shown. The filtered χ data series 
was used to aid the visual correlation between the χ data series and the obliquity 
model. 
modeled mean burial ages, not considering uncertainties, fall precisely  within the narrow, 
expected age as constrained by the magneto- and cyclostratigraphy. There is poor 
agreement of samples SG-1 and SG2.  These two samples come from the normal polarity 
interval in the Sabbie di Imola Fm, interpreted to represent the Jaramillo subchron 
between 0.99-1.07 Myr. SG-2 has a modeled burial age of 1.571 (+0.960 / -0.971) Myr. 
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Figure 2.9- Cosmogenic sediment burial dating plot for the Enza section samples 
shows 26Al / 10Be ratio and the concentration of 10Be for each sample with the 1σ 
confidence ellipses. Burial age isochrons and erosion rate contour lines are also 
shown. Samples with no burial history plot along the lines labeled steady erosion 
or constant exposure. The differential decay rates of 26Al and 10Be causes the 26Al / 
10Be ratio of buried samples to plot below the initial production ratio represented 
by the constant exposure line. 
This places it outside of the expected magnetostratigraphic age by  ~0.5 Myr, despite the 
fact that  the sample was collected less than 1 m above the SG-1 sample which has a 
burial age of 1.001 (+0.669 / -0.543) Ma that falls well within the magnetostratigraphic 
age range. However, considering the uncertainties on SG-1 and SG-2, the ages are 
consistent with the magnetostratigraphic data. The mean burial ages for the SG-3 and 
Qg-2 samples are also consistent with the magnetostratigraphy; both burial ages are 
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Figure 2.10- Cosmogenic radionuclide-derived paleo-erosion rate for sediments in 
Enza section. Erosion rates have not varied significantly since 1.0 Ma. For the 
samples from the Sabbie di  Imola and AEI formations, paleo-erosion rates were 
calculated in conjunction with 26Al / 10Be burial dating. Erosion rates for the Qg 3 
and Qg 4 samples were calculated using 10Be concentrations paired with OSL 
burial ages.
younger than the 0.78 Myr subchron boundary observed in the basal clay of the AEI Fm. 
The large burial age uncertainties in all the samples are due, in part, to the large analytical 
uncertainties of the 27Al/26Al ratio. Additionally, the unexpected and, geologically 
unfeasible, old burial age of the SG-2 sample suggests an additional source of uncertainty 
that was not accounted for in our initial assumptions. 
The CRN analysis also returns basin wide average erosion rates for the watershed 
from which the quartz sand fraction was derived. These rates varied from 0.2-0.4 mm/yr 
over the past 1.0 Myr  (Table 2.2, Figure 2.10).  The paleo-erosion rates for the Qg 3 and 
Qg 4 deposits were modeled using the measured 10Be concentration of those samples in 
conjunction with the burial ages determined from OSL (see below). Because of the 
tightly constrained burial ages from the OSL dating, the resultant erosion rate uncertainty 
for these two samples is much smaller than for those samples whose burial age is 
determined with CRN burial dating.  
Optically Stimulated Luminescence Dating
 The OSL ages for the Qg 3 and Qg 4 deposits are given in Table 2.4. The OSL 
ages for the base and top of the Qg 3 and Qg 4 members provide tight constraints for the 
duration gravel deposition. Burial ages bracketing the Qg 3 member, for instance, suggest 
that ~30m of fluvial gravels were deposited in 10-15 kyr, from 0.149 (± 0.031) – 0.141 (± 
0.031) Myr. Likewise, the Qg 4 gravel was deposited between 0.079 (± 0.012) – 0.062 (± 
0.010) Myr. The Loess deposit capping this unit has an OSL age of 0.040 (± 0.005) Myr. 
 Equivalent dose (De) distributions suggest that most of the OSL samples contain a 
single population of quartz grains that were completely  reset prior to burial (Figure 2.11, 
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Figure 2.11- Cumulative probability distributions (solid black lines) of equivalent 
dose (De) for representative samples from the Enza section are shown. The De 
values with uncertainty ranges for individual aliquots are also plotted. The dashed 
lines represent a single peak average De distribution used to calculate the average 
burial age and uncertainties. For the representative samples from 239 m and 298 
m, the average De distribution represents a good fit to the cumulative probability 
Appendix 2). However, two samples near the base of the Qg 4 gravel (USU-893 and 
USU-894) had De distributions skewed to higher values, indicative of a partially 
bleached (reset) distribution, common in fluvial settings (Murray et  al., 1995; Rittenour et 
al., 2003). Due to evidence of partial bleaching, a minimum age model (MAM, Galbraith 
et al 1999) was used to calculate the De and age for these two samples.
DISCUSSION
Enza Section Age model
 All the available age data for the Enza section are combined to create a high-
resolution stratigraphic age model (Figure 2.12). This age model shows that the section 
spans the interval from 1.65 Ma at the base of the exposure in the Argille Azzurre Fm. to 
0.04 Ma in the loess deposit  that caps the Qg 4 paleosol. All of the mean age 
determinations from the separate geochronologic methods are consistent with expected 
stratigraphic relationships with no age-stratigraphic position reversals, with the exception 
of the SG-2 CRN burial sample that we describe in detail above. The uncertainty range 
for the SG-2 sample does overlap with the magnetostratigrapy, rock-magnetic 
cyclostratigraphy, and numeric age determinations for the same interval.  
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Figure 2.11 continued- distribution shown in the solid black line. The sample from 
272 m, however has a bi-modal distribution that is not well approximated by a 
single average De distribution. This is probably due to partial bleaching of these 
sediments.  Therefore, for this sample we applied the minimum age model (MAM) 
(Galbraith et al., 1999) when calculating the sample burial age (see text for details).
The paleomagnetic and cyclostratigraphic age determinations of the Argille 
Azzurre Fm. are consistent with the calcareous nannofossil and foraminifera 
biostratigraphy. The integrated calcareous nannofossil and planktonic foraminifera 
biostratigraphy  shows that the base of the Argille Azzurre Fm. lies within the MNN 19c 
biozone, which has a basal age of 1.67 Ma (Raffi et al., 2006) and most of the Argille 
Azzurre formation is within the MNN 19d-e zones. This age determination for the base of 
the section is also consistent with the presence of the mollusc Arctica islandica in the 
Argille Azzurre which signifies a post 1.8 Ma depostional age (Raffi, 1986; Dominici, 
2001). The cyclostratigraphic and biostratigraphic correlations are also congruent with 
the magnetostratigraphy, which shows a constant reverse polarity across this interval that 
we correlate to the C1r.3r reversed polarity subchron spanning 1.07- 1.78 Ma (Gradstein 
et al., 2004). The rock-magnetic cyclostratigraphy shows that Argille Azzure Fm. spans 
the interval between 1.07-1.65 Ma in the Enza section.
The separate depositional ages determined for the Sabbie di Imola Fm. from CRN 
burial dating, magnetostratigraphy, and cyclostratigraphy are remarkably consistent. They 
all show that the Sabbie di Imola was deposited between 0.91-1.07 Ma. The magnetic 
polarity reversal marking the beginning of the Jaramillo subchron at 1.07 Ma occurs just 
below the base of the Sabbie di Imola. The normal-reverse subchron boundary at  0.99 Ma 
occurs within the 2-m thick clay interval (IMO 2) separating the two sand members. Our 
age interpretation for the depositional age of the Sabbie di Imola Fm. is consistent with 
previous paleomagnetic (Marabini et al., 1995; Gunderson et  al., 2012) and cosmogenic 
(Cyr and Granger, 2008) interpretations, but is slightly older than Muttoni et al’s (2011) 
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Figure 2.12- Compilation of all ages and associated uncertainties for all dated 
horizons in the Enza section (left) using cyclostratigraphy (filled diamonds), 
magnetostratigraphy (filled circles), CRN burial dating (open squares), and OSL 
burial dating (open triangles). The dashed lines show how each terrestrial 
stratigraphic unit correlates to the global δ18O curve (right). This correlation was 
supported by the OSL burial ages that indicate the entirety of the gravel units in 
Qg 3 and Qg 4 correlate to the peak glacial periods represented by MIS 6 and 4, 
respectively. 
paleomagnetic age interpretation of ~0.78-0.94 Ma for the Sabbie di Imola in the 
Romagna Apennines. There are two possible reasons for this ~100 kyr age discrepancy. 
The first possibility is that since Muttoni et  al. (2011) compiled a composite stratigraphy 
and magnetostratigraphy from multiple discontinuous outcrops and cores, any errors in 
the lithologic correlation between their study sites would lead to an erroneous composite 
magnetostratigraphy. The second and more likely  possibility is that the deposition of the 
Sabbie di Imola Fm is diachronous along the Northern Apennine mountain front, 
representing a west-to-east depositional regression of the Pleistocene Adriatic shoreline 
caused by the progradation of the Po River delta and clastic infill of the Po Plain. This is 
entirely  consistent with the subsurface stratigraphic studies of the Early-Middle 
Pleistocene Po sequence that show several diachronous reflectors due to the progradation 
of the Po depositional system (Muttoni et al., 2003; Ghielmi et al., 2010; Scardia et al., 
2012).
Our age determinations are consistent with previous age determinations for AEI 
equivalent deposits in the Po Plain subsurface. In seismic studies of the Po Plain, the AEI 
equivalent deposits are recognized as a major sequence bounded by unconformities at 
~0.45 Ma and 0.87 Ma (Muttoni et al., 2003; Ghielmi et al., 2010, Scardia et al., 2012). 
The AEI Fm. in the Enza section is also bounded by  unconformities and our rock-
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Figure 2.12 continued- The CRN burial ages for the AEI 1 gravel and Qg 2 deposits 
indicates those gravels correlate to MIS  16 and 10 respectively. We correlate the 
un-dated AEI 2 and AEI 3 gravels to MIS 14 and 12 as shown. 
magnetic cyclostratigraphy  provides a 0.82 Ma basal age in the AEI 1 clay. The Brunhes-
Matuyama subchron boundary at 0.78 (Gradstein et al, 2004) is recognized halfway 
through the AEI 1 clay. The top of the AEI formation is capped by  the Qt 1 soil, which we 
assign to the MIS 12 glacial interval (0.424-0.478 Ma), and unconformably  overlain by 
the younger Qg gravels. 
 An important result of our age model is that the deposition of the fluvial gravel 
and debris flow deposits in the AEI and Qg units occurs during short periods of time at  or 
near the end of a glacial interval. This is especially  evident in the Qg units, where the 
OSL ages for Qg 3 and Qg 4 show that the thick gravels were deposited in 10-15 kyr time 
spans during the glacial maxima of MIS 4 and 6. These results are consistent with what is 
known about the age range of individual alluvial terraces in central Italy  (Wegmann and 
Pazzaglia, 2009).  Similarly, the mean CRN burial age for the Qg 2 gravel falls within the 
time span of MIS 10. The observation that the deposition of the fluvial gravel and debris 
flow deposits in both the AEI and Qg formations correlate to the glacial intervals allows 
us to correlate the remaining gravel and debris flow units for which we do not have burial 
ages to corresponding MIS stages (Figure 2.12). We correlate the AEI 2 gravel and debris 
flow to MIS 14 and the AEI 3 gravel to MIS 12 (Figure 2.12). This correlation suggests 
that all the MIS glacial intervals over the last 0.7 Ma are represented in the stratigraphy 
with the exception of MIS 8. The climatic control on Qg equivalent deposits has been 
recognized in both the Po Plain subsurface (Amorosi and Pavesi, 2010) and the Apennine 
hinterland (Picotti and Pazzaglia, 2008; Wegmann and Pazzaglia, 2009).
85
Knowing the timing of the fluvial to debris-flow facies transition in the AEI and 
Qg units provides rare insight into the geomorphic processes acting in the drainage basin 
during a glacial-interglacial cycle. The basal, well-organized fluvial facies speak to 
relatively steady discharge and production of gravel under a mostly physical weathering 
regime during glacial intervals that was particularly effective at sourcing the hard, but 
brittle sandstone exposed in the high parts of the Enza watershed. In contrast, the 
transition to an interglacial interval represents rapid change and disequilibrium in the 
watershed as hillslopes destabilize, fine sediment is produced, and landsliding becomes 
an important process, especially in the soft Ligurian and Epiligurian bedrock. This rapid 
and chaotic pulse of hillslope sediment results in the formation of a short-lived debris-
flow dominated fan-delta.  In this particular watershed and at the latitude of the Northern 
Apennines, full glacial conditions favor relatively mature fluvial sedimentation whereas 
the transition to the subsequent interglacial is characterized by debris flows.  A long 
period of relative depositional quiescence results in the formation of soils that are distinct 
in the particular pedogenic environment of the interglacial in which they are formed. 
Unraveling tectonic and climatic controls on growth stratigraphy
 Our results reinforce the importance of high-resolution stratigraphic age control 
when attempting to unravel the effects of climate, tectonics, and sedimentological 
processes on synorogenic stratigraphy. The Enza section’s age model allows for the 
unambiguous correlation of particular stratigraphic facies and to the MIS curve that 
clearly  distinguishes between glacial and interglacial climatic conditions for the entire 
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section. Additionally, the structural orientations of the bedding can be directly related to 
deformation of Quattro Castella anticline and the Apennine mountains front. 
To illustrate the importance of this age model, consider a situation where no high-
resolution age constraints exist for the Enza section. Based solely  on the structural and 
sedimentological observations detailed above, multiple interpretations could be made 
regarding the processes that control growth strata relationships. One such an 
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Figure 2.13- Quattro Castella anticline forelimb tilting history (solid line) 
calculated using growth strata bedding dip. The Enza section sediment 
accumulation history determined from the high-resolution age model in Figure 2.12 
is also shown (dashed line). The mountain front titling rate was highly unsteady 
during the Pleistocene between 1.07-1.65 Ma. Folding rates were constant between 
0.0-1.07 Ma. In contrast, sediment accumulation was rapid and steady between 
1.07-1.65 Ma and slightly slower, but highly unsteady between 0-1.0 Ma. 
interpretation would be that the stratigraphy is controlled by tectonics. This interpretation 
would invoke the growth of the Quattro Castella anticline to regulate the creation of 
accommodation space, sediment  flux, and local base level.  Framed this way, the marine 
part of the Enza section would be interpreted to have undergone steady uplift and gradual 
emergence (Figure 2.2). In contrast, the terrestrial part of the section would suggest  a 
change in the deformational pattern because here, the homoclinally dipping fluvial gravel 
packages separated by angular unconformities would require punctuated, unsteady 
deformation of the Quattro Castella anticline. In this interpretation, the intervening times 
of slow tectonic uplift are represented by soil formation on top  of the gravel deposits. 
This interpretation would be supported by  several fluvial terrace studies along the 
Apennine front that document  unsteady incision over the past ~ 1 Ma (Picotti and 
Pazzaglia, 2008; Wegmann and Pazzaglia, 2009; Wilson et al., 2009; Ponza et al., 2010). 
 An alternative hypothesis in the absence of a high-resolution age model is that the 
climate and/or eustatic sea level are the primary drivers of the growth stratigraphy. In this 
scenario, uplift of the mountain front as expressed by the gradual shallowing of bedding 
dips is a background signal that only affects the structural orientation of the strata and not 
the deposition of particular facies. In this interpretation, tectonically induced 
accommodation space would be constant and the gradual facies changes observed in the 
Enza section would be related to clastic infill of the Po Basin due to Pleistocene 
glaciation in the Alps and the Apennines (Muttoni et al, 2003; Scardia et  al, 2012). The 
repetitive facies variations the AEI and Qg Formations and the occurrence of the sandy 
intervals beds in the Argille Azzurre Fm. would be related to Pleistocene climatic changes 
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and eustatic changes. This interpretation would suggest that the apparent tectonic 
unsteadiness that is represented by the angular unconformities separating the different 
gravel packages is not caused by unsteady deformation, but by unsteady  erosion, 
transportation, and deposition of Northern Apennine-derived sediment.  This 
interpretation could be supported by the numerous studies that document that  climate and 
sea level variability exert fundamental controls on stratigraphy in both marine (e.g. Vail et 
al., 1977; Mitchum and Van Wagoner, 1991) and terrestrial environments (e.g. Blum and 
Törnqvist, 2000; Macklin et al., 2012).
 Another alternative hypothesis is that while tectonic and climatic forces are 
present, the primary  control of the cyclic nature of growth stratigraphy is autogenic 
processes and not an external driver. In this interpretation, constant uplift  of the Apennine 
mountain front and gradual infilling of the Po basin result in the gradual coarsening of the 
Enza section, but the repetitive nature of facies in the AES and Qg units in particular 
would be due to autogenic cycles of river avulsion in braided river system. Here, the 
deposition of Enza section gravels represents a period of fluvial channel stabilization 
after which an avulsion event moves the active channel elsewhere, changes the texture of 
the deposits and allows for the formation of soils on top  of the gravel deposits. Like the 
second hypothesis, in this hypothesis the observed angular conformities are not the result 
of unsteady deformation, but of unsteady deposition; but in this case the depositional 
unsteadiness is not caused by  an external forcing, such as climate, but by autogenic 
processes. In such a case the role of tectonics is to create accommodation space at a 
constant rate. Both field (Hajek et al., 2012) and modeling studies (Kim et al., 2006; Kim 
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and Paola, 2007) have shown that sedimentary  systems can create autogenic cyclicity in 
the presence of constant tectonic or climatic conditions. 
 In reality, all three controls detailed above are probably  acting in conjunction to 
build the Enza stratigraphy. This is why unraveling the effects of these processes in active 
tectonic environments can be so difficult and requires extensive and precise age control. 
The age model we present here for the Enza section allows us to begin to discriminate 
between these separate processes. We use the structural orientations of the beds in the 
section to calculate the Quattro Castella folding rate through time as a proxy  for local 
uplift  of the Northern Apennine mountain front. In Figure 2.13 we show the Quattro 
Castella forelimb tilting rate and sediment accumulation rate since 1.65 Ma. The uplift 
history shows two periods of deformation that are characterized by  distinct folding 
patterns. The first period is marked by rapid and unsteady  deformation from 1.1-1.6 Ma, 
the other marked by constant slower deformation from 0.0-1.1 Ma. The sediment 
accumulation history also markedly contrasts different characteristics between the two 
intervals. Sediment accumulation is rapid and steady between 1.1-1.6 Ma and slower and 
highly  unsteady between 0.0-1.1 Ma. The unsteady sediment accumulation is best 
observed between 0-0.2 Ma, where the OSL ages demonstrate that deposition of the thick 
fluvial gravels in the Qg 3 and Qg 4 units occurred over ~10 kyr time spans (Figure 2.12, 
Figure 2.13). While the same temporal resolution is not available for all of the older AEI 
or Qg 2 fluvial gravel and debris flow deposits, the fact that  the age determinations for 
these gravels also coincides with glacial intervals, similar to the Qg 3 and Qg 4 gravels, 
suggests that these older gravels were also deposited in short periods of time and that 
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sediment accumulation history  has been highly unsteady since the first gravel deposition 
at 0.64 Ma. 
 This comparison of Quattro Castella deformation rate and the Enza section 
sediment accumulation rate reveals which processes are exerting a dominant control on 
the growth stratigraphy. The deposition of the coarse gravels and debris flow deposits in 
the AEI and Qg units are clearly controlled by  climatic variability as the burial ages for 
the deposits all lie within MIS glacial intervals. During the time of terrestrial deposition, 
the rate of folding for the Quattro Castella anticline remained fairly constant, which also 
suggests the cyclic nature of gravel deposition was not related to punctuated uplift. 
A tectonic control on stratigraphy is evident, however, in the marine part of the 
section. Deposition of the sandy  intervals in the Argille Azzurre Fm. is likely related to 
punctuated uplift of the Quattro Castella anticline acting in concert with glacio-euastatic 
changes. The tectonic control of sand deposition in the Argille Azzurre Fm. is supported 
by a number of observations. First, each of these sand intervals was deposited during 
times of accelerated fold growth (Figure 2.13). Second, the sand intervals show a 
sediment-fining upward (water deepening) trend that is inconsistent with the classic 
sequence stratigraphic model that predicts shallowing upwards cycles. Finally, the timing 
of the sand intervals does not  follow any regular timing in either glacial or interglacial 
periods (Figure 2.12). Some of the sands even span multiple glacial-interglacial intervals, 
again suggesting the deposition of the sand intervals are not caused by  climatic or eustatic 
changes. We interpret the deposition of marine fining-upwards sandy intervals to be 
caused by pulsed localized uplift of the Quattro Castella anticline.
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The remaining stratigraphic trend in which we are still unable to separate tectonic 
from climatic controls is the overall coarsening of the lithology. The Quattro Castella 
anticline was active at varying rates during the entire interval between 0.0-1.65 Ma. The 
effect of fold growth was to uplift the mountain front  above sea level, which could 
account for the general marine-terrestrial transition observed in the lithology. At the same 
time, clastic infill of the Po Plain and the progradation of the Po Delta began at ~1.4 Ma 
(Scardia et  al. 2012), which could also explain the marine-terrestrial transition at the 
Enza. Without constraining the absolute paleo-elevation of the Northern Apennine 
mountain front, it  will likely  be impossible to determine if the transition from marine to 
terrestrial deposition was primarily due to uplift of the Apennine range or due to clastic 
infilling of the foredeep.
 A final insight that is given by the Enza section’s detailed chronology is that the 
ability  to observe tectonic unsteadiness is limited by the continuity of the synorogenic 
stratigraphic record. In the Argille Azzurre Fm., where deposition was slow and 
continuous, the punctuated deformation of the Quattro Castella anticline can be clearly 
observed. In the AEI and Qg formations, however, there is false sense of unsteady 
deformation based on the numerous angular unconformities observed there. It is the high 
resolution age model that shows that punctuated deposition in this interval causes the 
illusion of unsteady deformation. It  can be inferred that a more continuous and more 
rapidly accummulating stratigraphic record over this interval would better capture the 
true deformational behavior.
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CONCLUSION
We construct a high-resolution stratigraphic age model for the Early-Late 
Pleistocene Enza growth section deposited on the forelimb of a blind-thrust anticline at 
the Northern Apennine mountain front. We use this age model to unravel tectonic and 
climatic controls on growth stratigraphy across a wide range of depositional 
environments us ing biost ra t igraphy, rock-magnet ic cyclost ra t igraphy, 
magnetostratigraphy, cosmogenic nuclide burial dating and optically stimulated 
luminescence burial dating. We demonstrate that punctuated fold growth and uplift of the 
Northern Apennine mountain front between 1.07-1.65 Ma was responsible for the 
repetitive deposition of marine sand intervals in an otherwise homogenous section of 
marine muds. In the upper terrestrial part of the section, our age model shows a slow, 
constant fold growth accompanied by highly punctuated sediment accumulation. We 
show that the deposition of the thick fluvial and debris flow gravels occurs during 
Pleistocene glacial intervals and is independent of tectonic-induced accommodation 
space. Additionally, we show that punctuated sediment accumulation, coupled with poor 
stratigraphic age control, can produce angular unconformities in the growth section that 
can lead to possible misinterpretations of punctuated tectonics. 
ACKNOWLEDGEMENTS
 This work was funded by a National Science Foundation (EAR-0809722) grant to 
D. Anastasio, K. Kodama, and F. Pazzaglia, and American Association of Petroleum 
Geologists, Geological Society  of America, and Lehigh University graduate student 
93
research grants to K. Gunderson. We thank Michelle Nelson at Utah State University for 
help  processing the OSL samples. We thank Tina Marstellar at  the Georgia Institute of 
Technology for help  processing the cosmogenic samples. We also thank Rosella Capozzi, 
Manlio Ghielmi, Gian Marco Di Dio, and Andrea Artoni for fruitful discussions regarding 
the local geology. Special thanks and recognition are extended to Paolo Severi of the 
Regione Emilia-Romagna, Servizio geologico, sismico, e dei suoli for his help, 
coordination, access to maps, and friendship  for over 10 years of working on the 
Quaternary stratigraphy in the Northern Apennines.
94
Table 2.1- Calcareous Nannofossil and Foraminifera Biostratigraphy
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Sample # Unit
Stratigraphic 
Distance (m) Lat (deg) Long (deg) Elevation (m) Quartz Mass (g)
SG-1 Sabbie di Imola 153 44.6 10.4 153 200.6
SG-2 Sabbie di Imola 154 44.6 10.4 164 203.7
SG-3 AEI 182 44.6 10.5 234 194.1
QT2-1 Qg 2 224 44.6 10.5 160 203.3
QT3-1 Qg 3 239 44.6 10.5 162 111.5
QT3Base Qg 4 272 44.6 10.5 162 107.9
Sample # N10 (atoms /g) σN10
N26 
(atoms /g) σN26 Burial Age (Myr)
Erosion Rate (mm/
yr)
SG-1 12203 370 44468 7976 1.001 (+0.669 / -0.543) 0.33 (+0.10 / -0.09)
SG-2 15513 516 41733 14607 1.571 ( +0.960 / -0.971) 0.20 (+0.12 / -0.07)
SG-3 13873 389 60880 8610 0.643 (+0.554 / -0.477) 0.35 (+0.09 / -0.08)
QT2-1 13450 425 68606 14150 0.363 (+0.543 / -0.361) 0.41 (+0.09 / -0.08)
QT3-1 19845 643 - - 0.149 (± 0.031) * 0.30 (±0.01)
QT3Base 20529 641 - - 0.079 ± (0.013) * 0.30 (±0.01)
Table 2.2-Cosmogenic Radio Nuclide Burial Dates
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Lab 
number
Stratigraphic 
Distance (depth), m1
Grain Size 
(µm)
In-situ H2O 
Content K2O % U (ppm) Th (ppm) Rb2O
Cosmic dose 
(Gy/ka) 1
USU-888 268 (3) 75-150 9.9% 1.24±0.03 1.3±0.1 5.4±0.5 66.2±2.6 0.14±0.01 
USU-889 254 (10) 150-250 4.0% 0.94±0.02 1.0±0.1 3.9±0.4 56.1±2.2 0.07±0.01 
USU-890 239 (5-10) 90-180 19.0% 1.13±0.03 1.4±0.1 6.2±0.6 62.1±2.5 0.11±0.01 
USU-891 272 (10) 75-150 14.0% 1.69±0.04 2.2±0.2 10.3±0.9 98.3±3.9 0.07±0.01 
USU-893 295 (1) 90-150 14.5% 1.18±0.03 1.4±0.1 6.1±0.6 64.0±2.6 0.19±0.02 
USU-894 295 (1) 90-150 14.5% 1.24±0.03 1.4±0.1 6.3±0.6 64.2±2.6 0.19±0.02 
USU-896 298 (2.5) 150-180 13.5% 1.57±0.04 2.7±0.2 15.5±1.4 142.2±5.7 0.15±0.02 
Table 2.3- OSL Dose Rate Information
1 Stratigraphic depth and sample depth at time of collection in parentheses
2 Cosmic contribution to the dose rate calculated based on sample depth, altitude and 
latitude following Prescott and Hutton (1994).
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Lab number
Sample 
number Unit Aliquots
Equivalent 
dose, (Gy)1
Overdispersion 
(%)3
Dose Rate (Gy/
ka)4 Age (Myr)5
USU-888 En-Qt3a-T2 Qg 3 23 236 ± 28 27 1.68 ± 0.08 0.141 ± 0.019
USU-889 En-Qt3a-lwr Qg 3 26 198 ± 26 33 1.27 ± 0.06 0.156 ± 0.023
USU-890 En-Qt3a-b Qg 3 21 218 ± 43 43 1.46 ± 0.08 0.149 ± 0.031
USU-891 En-Qt-3b-b1 Qg 4 29 186 ±29 41 2.34 ± 0.12 0.079 ± 0.013
USU-893 En-Qt3b-t1 Qg 4 28 102 ±152 33 1.65 ± 0.08 0.062 ± 0.010
USU-894 En-Qt3b-t2 Qg 4 23 123 ± 112 34 1.70 ± 0.09 0.072 ± 0.008
USU-896 En-Qt-3b-soil Qg 4 27 110 ± 14 31 2.76 ± 0.14 0.040 ± 0.005
Table 2.4- OSL Age Information
1 Age analysis using the single-aliquot regenerative-dose procedure (Murray and Wintle, 
2000) on 2-mm small aliquots of quartz sand with 240°C preheat and 220°C cutheat 
temperatures, both held for 10s. Equivalent dose (De) calculated using early background 
subtraction (Cunningham and Wallinga, 2010) and the central age model (Galbraith, et al 
1999) unless noted. Error on De is 2-sigma standard error.
2 De calculated by early background subtraction (Cunningham and Wallinga, 2010) and a 
minimum age model (Galbraith et al 1999).
3 Overdispersion represents scatter in De beyond instrumental error, values >20% are 
considered significant.
4 Dose rate calculated from radioelemental data (Adamic and Aitken, 1989), in-situ 
moisture content and cosmic contribution (Prescott and Hutton, 1994).  See Table 2.3 for 
data.
5 Error on age is 2-sigma standard error.
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ABSTRACT
 Critical wedge theory provides the theoretical framework upon which the 
coupling of unsteady surface processes and rock uplift processes can be explored. It has 
already been established through observation and modeling that such coupling occurs at 
the scale of orogensover long time scales and there are some studies that have even 
demonstrated coupling at the scale of an individual fault slipping in response to erosional 
unloading of a single, large river. In contrast, there are few, if any studies that 
demonstrate coupling across the Milankovitch timescales at which climate and surface 
processes are both unsteady. This study takes advantage of unparalleled exposure of Plio-
Pleistocene synorogenic growth stratigraphy along the southern flank of the Po foreland, 
northern Italy to test whether unsteady surface processes control unsteady deformation at 
104-105 yr timescales. This study presents a new magnetostratigraphy for the Panaro 
section as a complement to directly comparable and previously published nearby sections 
that collectively record the unsteady growth of the Northern Apennine mountain front 
between ~1.0-3.3 Ma. A comparison of these sections shows that mountain front 
deformation was partitioned on different fault segments that were asynchronous and 
unsteady over the investigated interval. A shift to synchronized deformation at all three 
transects is observed after 1.0 Ma. This shift also corresponds with a kinematic 
reorganization of the Apennine wedge and the initiation of thick-skinned thrusting. 
Climatically-driven over filling of the Po foreland beginning at ~1.4 Ma had the effect of 
lowering the Apennine orogenic wedge taper and causing the wedge to respond by 
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initiating out-of-sequence, basement involved reverse faulting localized at the present day  
Apennine mountain front. 
118
INTRODUCTION
 One of the major advancements in the geodynamics of orogens  over the past few 
decades is that surface processes are coupled to the processes that drive rock uplift. 
(Koons, 1989; Molnar and England, 1990; Beaumont et al., 1992; Koons, 1995; Avouac 
and Burov, 1996; Whipple et al., 2009). The link between surface processes and the 
evolution of fold and thrust belts is particularly well known and supported by theoretical, 
experimental, and field studies. Critical wedge theory predicts that surface processes can 
affect the locus and rates of deformation in an orogenic wedge through the redistribution 
of mass at the Earth’s surface (Davis et al., 1983; Dahlen et al., 1984). Analog and 
numerical models show that surface processes can affect wedge development, for 
example, through erosion in the hinterland and deposition at  the wedge toe that 
effectively lowers the overall taper, thereby promoting out-of-sequence thrusting and 
focusing long term exhumation in the wedge hinterland (Willet, 1999; Simpson et al, 
2006; Fuller et  al., 2006; Malavieille, 2010). Field studies that show a spatial correlation 
between focused erosion and long term exhumation have established a causal link 
between these processes and its overall role in defining wedge geometry and kinematics 
(e.g. Zeitler et al., 2001; Reiners et al, 2003)
 Surface processes such as precipitation, erosion, and sedimentation that affect 
wedge growth are not constant, but are highly  variable in space and time. One of the 
characteristic timescales of surface process variability that is well recorded in the 
geologic record is the 104-105 yr climate variability related to Milankovitch orbital 
changes (Ruddiman, 2008).  Coincidentally, several empirical and experimental datasets 
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of fault slip in various tectonic environments shows that faulting is also often unsteady at 
these same timescales, yet  there currently is no detailed theoretical framework for why 
this occurs (Friedrich et al., 2003; Mouslopoulou et al., 2009; Nicol et al., 2009; Gold and 
Cowgill, 2011; Cowie et al., 2012). Exploring the coupling between orbitally  forced 
climate changes and unsteady deformation on individual faults within a critical wedge 
framework is compelling. In this respect, some experimental studies have observed the 
effects of variable surface processes on unsteady deformation of individual structures 
(Hetzel and Hampel, 2005; Simpson et al., 2006; Bigi et al., 2010) but as of yet there are 
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Figure 3.1- (A) Topography of Northern Italy. The black box shows the location of 
the study area in the Northern Apennines. (B) Geologic map of the Northern 
Apennines. Geologic units are: 1- Plio-Pleistocene marine foredeep deposits, 2- 
Miocene foredeep deposits, 3- Epiligurian deposits, 4- Ligurian units. The dashed 
lines are blind thrust faults. Cross sections for the three transects that cross the 
Apennine mountain front are in Figure 3.2. 
no field tests that show that variable erosion and deposition due to high frequency 
(104-105 yr) climatic changes controls unsteadiness of individual or linked faults in an 
orogenic wedge at this same timescale. 
 This study details a field test for the hypothesis that Milankovitch-driven 
unsteadiness in erosion and deposition drive unsteady fault slip  at  the same frequency. 
The study takes advantage of outstanding exposures of growth strata spaced over ~100 
km along the southern flank of the Po foreland in northern Italy (Figure 3.1). If unsteady 
erosion and deposition are indeed controlling the rates and patterns of deformation of the 
frontal Emilia Apennine thrusts then two behaviors should be observable: First, the 
structures creating the Apennine mountain front should not  only exhibit unsteady 
deformation, but  the unsteady deformation of disconnected structures along strike in the 
orogen should be synchronous, indicating that an external driver is causing the unsteady 
deformation. Second, the synchronous unsteady deformation should also correlate to 
documented changes in erosion and deposition in the adjacent Po foreland basin, thereby 
linking unsteady climate, erosion, and deposition to unsteady deformation of individual 
structures across the Apennine wedge (Figure 3.1). 
 Deformation of the Northern Apennine mountain front is recorded by uplifted and 
incised fluvial terraces and foreland dipping growth strata exposed on the limbs of blind 
thrust anticlines that creating the mountain front relief. Both growth strata and fluvial 
terraces serve as passive markers of deformation and can be used to constrain rates and 
kinematics of deformation, to the extent they can be accurately  and precisely dated. 
Because growth strata and fluvial terraces are capable of recording deformation with 
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Figure 3.2- Cross sections of the Emilia Apennine mountain front and Po foreland 
basin. The locations of the measured growth sections for each transect are outlined 
in the dashed boxes. (A) Cross Section of the Emilia Apennine mountain front near 
the Stirone River from A-A’. The cross section shows the Salsomaggiore thrust 
(S.T.), Cortemaggiore thrust (C.T.), Piadena thrust (P.T.), and Pedeapenninic 
thrust (P.A.T.).
104-105 yr resolution, they allow this deformation to be directly compared to surface 
processes. This study  presents a newly dated section of growth strata exposed in the 
Panaro River (Figure 3.2) and combines it with two previously published stratigraphic 
sections to reconstruct the deformation of the Emilia Apennine mountain front at three 
transects spanning 100 km along orogenic strike.
 Geologic Setting
 The Northern Apennines are an accretionary fold and thrust belt resulting from the 
ongoing subduction of Adria (Carminati and Doglioni, 2012). GPS-geodesy (Serpelloni et 
al., 2005; Bennett  et al., 2012) and seismicity (Pondrelli et al., 2006) suggest that the 
Apennine foreland is still shortening at a rate of ~2-3 mm/yr. The external Northern 
Apennines (Figure 3.1) consists a series of imbricate thrust  faults that have propagated 
into and imbricated the southern half of the Po foreland basin (Ricci Lucchi, 1986). The 
Northern Apeninnes can be separated into two regions: the Emilia Apennines, where the 
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Figure 3.2 continued-  Modified from Picotti et al. (2007) and Wilson et al. (2009) 
and (B) Cross section of the Emilia Apennine mountain front near the Enza River 
from B-B’. The cross section shows location of the Quattro Castella thrust (Q.T.). 
Modified from Argnani et al. (2003) and Barbacini et al. (2002) (C) Cross section of 
the Emilia Apennine mountain front near the Panaro River from C-C’. The cross 
section shows the Castelvetro thrust (Cv.T.), Spilamberto thrust (Sb.T.), and 
Mirandola thrust (M.T.). Modified from Boccaletti et al. (2010), Gasperi  et al. 
(2005), and Martelli et al. (2006). 
Ligurian nappe, a Jurassic-Eocene accretionary prism is preserved as a passive roof thrust 
over the underlying foreland imbricates (Pini, 1999; Zattin et al., 2002) and the Romagna 
Apennines, where the Ligurian nappe has been eroded (Feroni et al., 2001). 
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Figure 3.3- Bedrock and surficial geologic map of the area near Vignola. The 
location of the measured Plio-Pleistocene growth section exposed in the Panaro 
River is shown. In this area the shallow thrust fault responsible for deformation of 
the Apennine mountain front is known as the Castelvetro thrust. West of the 
measured section there is a suite of uplifted and incised fluvial terraces (AEI/AES 
deposits) that record the middle-late Pleistocene deformation of the Castelvetro 
thrust. 
The Miocene-recent Po basin stratigraphy represents the most recent foreland 
basin stratigraphic succession during the Apennines The Po basin records a transition 
from marine to terrestrial environments in the Pleistocene (Ghielmi et al., 2010; Scardia 
et al., 2012). The base of the Plio-Pleistocene section is represented by the marine Argille 
Azzurre Formation (Fm.), a massive blue gray clay with local calcarenites (Mary  et al., 
1993; Channell et al., 1994; Amorosi et al., 1998a). The Argille Azzurre Fm. is 
conformably or unconformably overlain by  the Sabbie di Imola Fm., a medium- coarse, 
yellow, crossbedded littoral sand (Marabini et al., 1995; Amorosi et al., 1998b). Above 
the Sabbie di Imola Fm., the Po succession consists of entirely  terrestrial facies, separated 
into two major unconformity bound sequences known as the AEI (lower Emilia-Romagna 
synthem) and AES (upper Emilia-Romagna synthem) (Amorosi and Pavesi, 2010). A 
record of Alpine glaciations beginning at 0.87 Ma (Muttoni et  al., 2003; Scardia et al., 
2006; Scardia et al., 2012) are preserved in these sequences. The rate of sediment 
accumulation (and presumably, the sediment flux) is shown to vary  with Alpine 
glaciations during the deposition of these sequences (Gunderson et al., In review). Both 
terrestrial and marine Po foreland strata display growth geometries that record the 
progressive deformation of Apennine structures (Pieri et  al., 1983; Argnani et al. 2003; 
Artoni et al., 2007). 
 The relief of the modern day  topographic Emilian Apennine mountain front is the 
result of active deformation on blind thrust anticlines of limited strike length. The 
proximal Plio-Pleistocene Po foreland succession is exposed as foreland dipping growth 
strata on the anticlinal forelimbs. We use exposures of syntectonic deposits in the 
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Salsomaggiore, Enza, and Panaro river valleys associated with three different leading 
edge anticlines to reconstruct deformation along different segments of the Emilia 
Apennine thrust front (Figure 3.1; Boccaletti et al., 2010). The mountain front at the 
western transect is underlain by the Salsomaggiore anticline, a doubly-plunging fault 
propagation fold that is cored by Miocene sandstones (Figure 3.2) (Artoni et al., 2004; 
Bonini et al., 2007). The progressive deformation of the mountain front here is recorded 
by Plio-Pleistocene growth strata exposed in the Stirone River (Gunderson et al., 2012) 
and uplifted fluvial terraces (Wilson et al., 2009). The mountain front at the central 
transect is underlain by the Quattro Castella anticline, which is cored by a series of 
shallow imbricate thrusts in Ligurian and Epiligurian units (Figure 3.2) (Argnani et al., 
2003). Deformation of the mountain front here is recorded by growth strata in the Enza 
river (See Chapter 2) and fluvial terraces exposed on the anticlinal forelimb (Ponza et al., 
2010). Mountain front relief at the eastern-most transect is due to deformation of the 
Castelvetro anticline (Figure 3.2) (Gasperi et al., 2005; Martelli et al., 2006). Similar to 
the Quattro Castella anticline, the Castelvetro antcline is cored by a series of small 
imbricate thrusts in the Ligurian nappe. Growth strata exposed in the Panaro River and 
fluvial terraces above the Castelvetro anticline (Ponza et al., 2010) record the 
deformational history of the mountain front at  this transect. The deformational history of 
the Apennine mountain front at and between the three transects also results from uplift 
related to the Pedeapenninic thrust fault an active thick-skinned reverse fault that initiated 
1.0-1.8 Ma (Picotti and Pazzaglia, 2008, Chapter 1). 
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Figure 3.4- Stratigraphy of the Plio-Pleisocene Panaro section. 
METHODS
Stratigraphic, structural, rock-magnetic and paleomagnetic data were collected 
for a 538 m thick stratigraphic section along the Panaro River corridor near the town of 
Vignola (Figure 3.3). The lithology was described and bedding orientations were 
recorded every  1 m, provided suitable bedding planes were present. Oriented samples 
were collected for paleomagnetic analysis at 52 horizons with an average stratigraphic 
spacing between sites of ~10 m. At least 3 samples were collected at each horizon in 
plastic boxes that were oriented on pedestals carved into the outcrop. 127 samples were 
subjected to AF demagnetization from 0-100 mT in 10 mT steps and 29 samples were 
subjected to thermal demagnetization from 0-600° C in 50° C steps. The characteristic 
remanent magnetization (ChRM) directions were determined via principal component 
analysis (Kirschvink, 1980). Virtual geomagnetic poles (VGPs) were determined from the 
remanent directions and mean horizon VGPs were calculated using Fisher statistics 
(Fisher, 1953). The VGPs were used to define magnetozones of similar polarity and each 
magnetozone was correlated to the geomagnetic polarity timescale of Gradstein et al. 
(2004). Correlation to the geomagnetic polarity  timescale was anchored by the 0.9-1.1 
Ma depositional age of the littoral Sabbie di Imola Fm. (Cyr and Granger, 2008). 
Unoriented samples were collected every 1.5m for rock-magnetic cyclostratigraphy 
between 0-498 m in the Argille Azzurre Fm. (Appendix 3). The rock-magnetic 
cyclostratigraphy provided an additional test  of the efficacy  of the paleomagnetic 
correlations. 
128
RESULTS 
Lithostratigraphy and magnetostratigraphy
 Two major lithostratigraphic units are represented in the Panaro growth section 
(Figure 3.4). From 0-498 m, the section consists of homogenous, thickly bedded, blue-
gray neritic clays of Argille Azzurre Fm. Unconformably overlying the Argille Azzurre 
Fm. is ~40 m of interbedded cross-bedded, medium grained, yellow sands and freshwater 
muds known of the Sabbie di Imola Fm. The Sabbie di Imola Fm. is topped by an 
unconformity that bounds an unstratified fluvial gravel deposit that belongs to either the 
AEI or AES units (Amorosi and Pavesi, 2010). Bedding dips across the investigated 
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Figure 3.5- (A) Remanent magnetization directions from all samples from the 
Panaro section. (B) Mean normal polarity and reverse polarity directions with 95% 
confidence ellipses. Normal polarity samples are separated into two mean 
directions, one with a positive inclination and one with a negative inclination. (C) 
Directions obtained from the high coercivity overprint component that is observed 
in many samples. 
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interval show a progressively shallowing trend consistent with syn-deformational 
deposition. Bedding dips are 59° NE towards the foreland at the base of the exposed 
section in the Argille Azzurre Fm. and progressively  shallow to 21° NE towards the 
foreland in the Sabbie di Imola Fm. 
 Principal component analysis successfully isolates the ChRM directions in 148 of 
156 paleomagnetic samples (Figure 3.5a). The majority of the samples show a reverse 
polarity (as defined by the sample VGP latitude). The normal polarity  samples are split 
into two main groups, those with a north and down direction and those with a north and 
up direction, indicating a partial overprinting of the remanent magnetic directions (Figure 
3.5b). The normal polarity directions are roughly  antipodal to the reverse polarity 
directions. Vector endpoint diagrams for representative samples are shown in Figure 3.6. 
Thermal demagnetization curves indicate the presence of both magnetite and greigite as 
primary remanence carriers, though greigite is more common (Figure 3.6). Griegite is 
recognized in equivalent sections as a primary carrier of magnetic remanence (Sagnotti 
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Figure 3.6- (A) Vector endpoint diagrams (Zijderverld, 1967) and (B) progressive 
demagnetization curves for representative samples from the Panaro section. Open 
squares represent the vertical component of magnetization and the closed circles 
represent the horizontal component. Samples Pa-024 and Pa-076 were subject to 
progressive thermal demagnetization while Pa-098 and Pa-135 were subject to AF 
demagnetization. The Progressive demagnetization curves show evidence of both 
magnetite (Pa-024) and iron-sulfide (Pa-076) minerals.
and Winkler, 1999; Gunderson et al., 2012). In many of the samples subject to AF 
demagnetization, a high-coercivity overprint  component of magnetization is present 
(Figure 3.6). The directions obtained from this high coercivity  component have a wide 
scatter (Figure 3.5c).
 Based on the average VGP latitude for each sample horizon, 8 magnetozones are 
defined for the Panaro section (Figure 3.7). Three intervals show intermediate VGP 
latitudes and no polarity  can be conclusively  defined for these intervals. Each 
magnetozone boundary correlates to the GPTS of Gradstein et al. (2004) as seen in 
Figure 3.7. This correlation is anchored by the assignment of the part of the R4 
magnetozone that encompasses the Sabbie di Imola to the C1r.1r (Matuyama) subchron. 
Gunderson et al.’s (In review) magnetostratigraphy of the Enza section indicated that 
Sabbie di Imola in that section spanned both the C1r.1r (Matuyama) and C1r.1n 
(Jaramillo) subchrons. In the Panaro section, the time encompassing the Jaramillo 
subchron is likely  represented in the unconformity at the base of the Sabbie di Imola. 
Assuming this unconformity  is short, the remainder of the R4 magnetozone below the 
unconformity in the Argille Azzurre corresponds to C1r.2r subchron. The normal interval 
N4 then correlates to the local 2n subchron between 1.78-1.99 Ma (Figure 3.7). Each 
stratigraphically older magnetozone boundary correlates to the next oldest geomagnetic 
revesal assuming no other major unconformities exist  in the section, which consistent 
with field observations. The final correlation shows the section spans the interval from 
0.9-3.3 Ma (Figure 3.7). 
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Figure 3.7- (A) Virtual geomagnetic pole (VGP) latitude of the Panaro samples. The 
blue circles represent the site mean VGPs and the black circles represent the 
individual sample VGPs. Positive VGPs indicate a normal polarity and negative 
VGPs represent a reverse polarity. (B) Eight magnetozones are defined based on 
the mean VGP latitudes. (C) Correlation of magnetozones to the geomagnetic 
polarity timescale (GPTS) of Gradstein et al. (2004). 
Mountain front deformation and sediment accumulation rates
Using the Panaro section magnetostratigraphy and the bedding dip of each dated 
horizon, the tilting history of the Emilia Apennine mountain front in the vicinity of the 
Panaro section is determined (Figure 3.8). The dip of the growth strata are good proxy for 
the overall titling of the mountain front since the majority  of the section was deposited in 
a marine environment with negligible depositional dip. The tilting history does not 
separate the particular structures that  might have contributed to the deformation of the 
growth section, rather it simply  represents the total rotation depositional surface due to all 
structures that might have affected it. The mountain front tilting history  from the Panaro 
growth section shows that the deformation rate was unsteady during the Plio-Pleistocene 
time. Between 2.6-3.3 Ma there was a period of moderately  paced deformation, when the 
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Figure 3.8- Tilting history of the Emilian mountain obtained from the Panaro 
section (solid line). The sediment accumulation history (dashed line) is also shown. 
Both mountain front tilting and sediment accumulation rates are unsteady, but 
decoupled from each other.
mountain front tilting rate was 13°/Myr. This interval was followed by 0.6 Myr of 
tectonic quiescence when no tilting occurred. Between 0.9-2.0 Ma the rate of mountain 
front tilting accelerated rapidly  to 29°/Myr and then slowed slightly to 22°/Myr after 0.9 
Ma. Over the last 2.0 Myr the widely space magnetic reversals limit the resolution at 
which the tilting rate can be quantified. The sediment accumulation rate at the Panaro 
section has also been unsteady, but appears to be decoupled from the rate of mountain 
front deformation suggesting that sediment accumulation rate is not limited by the 
generation of local accommodation space (Figure 3.8). Sediment accumulation rates 
varied between 70-500 m /Myr with a long term average rate of 233 m/ Myr. 
DISCUSSION
 The Panaro growth section has some temporal overlap with Stirone and Enza 
sections (Figure 3.1, 3.9). The Stirone and Panaro sections provide completely 
overlapping records of mountain front deformation between 1.0-3.0 Ma whereas the Enza 
section only partially overlaps with the others since the record of deformation in that 
section only extends back to 1.6 Ma. 
The key unit that is exposed in all three sections is the Sabbie di Imola Fm. The 
Sabbie di Imola thickens towards the east in the three sections. The thickness of the 
Sabbie di Imola Fm. at the Panaro section is equivalent  to the thickness of the Sabbie di 
Imola in the Romagna Apennnines (Muttoni et  al., 2011). The number of medium-coarse 
grained, crossbedded sand intervals in the Sabbie di Imola also increases from the Stirone 
section eastward to the Panaro section. At the Stirone section, the Sabbie di Imola 
consists of a single sand body (Figure 3.9). At the Enza section, two sand units are 
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Figure 3.9- Correlation of the Panaro section to the Stirone and Enza growth 
sections. The age model for the Stirone section is from (Gunderson et. al, 2012) 
and for the Enza section is from Chapter 2 in this dissertation.
separated by a ~2 m thick clay interval (Figure 3.9). The Sabbie di Imola in the Panaro 
section has three separate sand intervals, each separated by a freshwater clay  interval. 
Since the Sabbie di Imola is topped by an unconformity at each of the growth sections, 
the progressively  Eastward-thickening nature of the Sabbie di Imola suggests the 
unconformity bounding the unit is progressively younger towards the east.  
 A comparison of the mountain front tilting history at all three transects shows that 
the Emilian Apennine mountain front deformation has been unsteady  since 3.3 Ma 
(Figure 3.10). Where the highest resolution age models exists in the Stirone and Enza 
sections, the timescale of the deformational unsteadiness varies between 40-500 kyr. A 
major observation is that the unsteady mountain front deformation is asynchronous along 
strike. In fact, during some periods, unsteady deformation of the mountain front at  the 
different transects appears to be anti-correlated (Figure 3.10). This is best  observed in the 
Stirone and Panaro tilting histories between 1.0-3.0 Ma. The mountain front tilting rate at 
the Panaro section decreases at 2.6 Ma, coincident with an acceleration in tilting at the 
Stirone section. Likewise, the large deceleration in tilting rate observed in the Stirone 
section beginning at 1.8 Ma coincides with an acceleration in tilting in the Panaro section. 
This major deceleration in deformation at the Stirone section also occurs at  the same time 
as the initiation of deformation in the Enza section and the activation of thick-skinned 
thrusting near the Stirone River transect (Gunderson et al., In review).  
 Along the Apennine mountain front, unsteady deformation is decoupled from the 
local sediment accumulation rate. All three of the growth sections exhibit remarkably 
similar average sediment accumulation rates during marine Argille Azzurre deposition 
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(240 m/Myr for the Stirone section, 266 m/myr for the Enza Section, and 233 m/Myr for 
the Panaro section). The similar sediment accumulation rates during Argille Azzurre 
deposition is surprising considering that the mountain front tilting rates varied along 
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Figure 3.10- Normalized mountain front tilting histories from the Stirone section 
(blue), Enza section (red), and Panaro section (green). The sedimentation history 
for the Po Plain (from Ghielmi et al., 2010) is reprsented by the black dashed line. 
The high frequency unsteadiness observed in the tilting histories is asynchronous 
and not correlated to high frequency climatic changes, represented here by the 
global δ18O record from Lisiecki and Raymo (2005). 
strike during this time (Figure 3.10). This suggests that during Argille Azzurre deposition 
the Po Basin was underfilled and that sediment accumulation rates at the Apennine 
mountain front were not dependent on the local tectonically induced accommodation 
space but instead were limited by the supply of sediment being delivered to the Po 
foreland. The fact  that the Po basin was constantly underfilled during this interval is 
important, it suggests that variable sedimentation did not cyclicly overfill the Apennine 
foredeep and thereby cyclicly shift the locus of deformation in the wedge. 
 The unsteady mountain front deformation at each transect is also decoupled from 
high frequency global climate variability (Figure 3.10). The unsteadiness in mountain 
front tilting rates is not regular and typically varies on timescales longer than the 40 kyr 
and 100 kyr cycles observed in the global δ18O record (Lisiecki and Raymo, 2005). 
Furthermore, the Argille Azzurre sediment accumulation rate is fairly constant which 
suggests that the high frequency climatic changes are not significantly  affecting Po Plain 
sedimentation rates during this interval, and thus not significantly affecting the 
distribution of stresses in Apennine wedge through the redistribution of mass at the 
earth’s surface.
 In contrast to the records of mountain front tilting rate between 1.0-3.3 Ma that 
show along-strike asynchronous deformation, incision rates from the Stirone, Enza, and 
Panaro rivers between 0.0-0.7 Ma show synchronous patterns of incision (Figure 3.11). 
These incision rates are obtained from uplifted and incised fluvial terraces exposed at the 
Northern Apennine mountain front. Since these terrace records span multiple glacial-
interglacial cycles, they serve as passive markers of deformation similar to the rotated 
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beds in the growth sections (Pazzaglia and Brandon, 2001). The records of river incision 
derived from the terraces record the uplift of the mountain front, which like tilting history 
obtained from the growth strata is a proxy for the total mountain front deformation. At 
each transect, the terraces record a period of accelerated incision between 0.45-0.63 Ma. 
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Figure 3.11- River incision rates for rivers running transverse to the mountain 
front for the Stirone (blue; Wilson et al., 2009), Enza (red; Ponza, 2010); and 
Panaro rivers (green; Ponza, 2010). Inasmuch as incision rates are a proxy for 
uplift rates, they show synchronous uplift at all three transects. The change from 
asynchronous to synchronous uplift is related to the activation of an orogen-scale 
thick skinned thrust between 1.0-1.4 Ma that is responsible for most of the recent 
deformation of the Apennine mountain front.
This is followed by an interval of slower river incision until 0.15 Ma when incision rates 
rapidly accelerated again.
 The uplift rates obtained from the incised terraces reveals a shift from 
asynchronous to synchronous deformation of the Emilian Apennine mountain front. This 
shift is due to a change in kinematics in the Northern Apennine wedge that is likely 
caused by clastic infill of the Po Plain beginning at 1.4 Ma and continuing with the 
initiation of Alpine glaciation at  0.87 Ma (Figure 3.10). As clastic infill of the Po began, 
the large flux of sediment buried the front of the Apennine wedge and decreased the 
wedge taper. In order to maintain critical taper, the wedge responded by  initiating out-of-
sequence, thick-skinned thrusting focused at the modern mountain front (Gunderson et 
al., in review; see Chapter 1). The thick-skinned thrust is interpreted as an orogen-scale 
structure that probably affects the Emilian Apennine mountain range (Picotti and 
Pazzaglia, 2008). As the thick-skinned thrust became active, the shallow thrusts that were 
responsible for the earlier deformation of the mountain front either slowed considerably 
or stopped completely. This is best observed in the mountain front tilting history  from the 
Stirone section (Figure 3.10), which shows the large deceleration in tilting rate that is 
coincident with the activation of thick-skinned deformation. The two different patterns of 
mountain front deformation observed in Figures 10 and 11 are due to the different 
structures deforming the mountain front in those intervals. During early  deformation 
between 1.4-3.3 Ma, deformation of the mountain front was due to thin skinned fault-
related folding. The elastic interactions of the shallow and spatially limited thrust faults 
with adjacent faults are probably the cause of the unsteady  deformation observed during 
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this interval (Gunderson et al. in Review; See Chapter 1). After Po infilling began and the 
Po foreland basin transitioned from underfilled to overfilled a switch from thin-skinned to 
thick-skinned deformation occurred (Figure 3.10). After this time, a single orogen scale 
reverse fault was responsible for the mountain front  deformation, which explains the 
synchronous patterns of river incision since 1 Ma. 
 The effects of Po basin sedimentation on the kinematics of the Emilian Apennine 
wedge give insight into the spatial and temporal scales at which surface processes affect 
the rates and patterns of deformation in an orogen. The high frequency climate changes 
during the late Pliocene-Early  Pleistocene time did not cause large enough variations in 
Po Plain sedimentation to affect the rates of deformation on individual structures. This is 
likely because the basin was underfilled during this interval, so even if sedimentation 
rates did vary with climate during this time, the magnitude of the sedimentat 
accumulation variability was not large enough to drive the wedge into a subcritical state. 
Furthermore, deformation during the Pliocene-Early Pleistocene was distributed among 
numerous shallow thrust faults (Boccaletti et al., 2010;) which amplifies the effects of 
fault interactions on the deformation of a single structure and probably dampens the 
effects of surface processes (Naylor and Sinclair, 2007; Mouslopoulou et al., 2009; Nicol 
et al., 2009). In contrast, the large pulse of sediment that began with the clastic infill of 
the Po Plain and culminated with Alpine glaciation was large enough to push the 
Apennine wedge into a subcritical condition and effectively change the wedge 
kinematics. This suggests the Apennine wedge has critical spatial and temporal thresholds 
at which surface processes control the rates and patterns of deformation. The three-fold 
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increase in sediment flux due to Alpine glaciations apparently  was large enough to cause 
the northern Apenninic orogenic wedge to become subcritical thereby eliciting a 
kinematic reorganization in the wedge that resulted in the activation of thick-skinned 
thrusting. 
CONCLUSION
 The magnetostratigraphy from the Panaro growth section constrains the timing of 
Northern Apennine mountain front deformation was unsteady between 1.0-3.3 Ma. A 
comparison of mountain front deformation rates at the Panaro section with deformation 
rates at two other transects situated along orogenic strike shows that  unsteady 
deformation of the mountain front rates at each transect was asynchronous and decoupled 
from Po basin sediment accumulation rates and climatic variability. A change in mountain 
front deformation occurred at ~1.0 Ma, when the Northern Apennine mountain front 
began to exhibit synchronous deformation along-strike. This change in behavior is due to 
a change in Apennine kinematics and a switch from thin-skinned to thick-skinned 
contractional deformation. This kinematic change is coincident with the clastic infilling 
of the Po foreland basin, which lowered the Apennine wedge taper. In order to maintain 
ciritical taper, the Apennine wedge responded by initiating thick-skinned thrusting 
focused at the modern topographic mountain front. This study demonstrates that the 
surface process variability can change the structural style of deformation across an 
orogenic wedge by coupling the deformational response of the wedge to an external 
stimulus like climate driven foreland basin sediment accumulation rates. 
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APPENDIX 1
Figure A1.1- We performed multi-taper method (MTM) (Thompson, 1982) and B-Tukey 
(reviewed in Weedon, 2003) spectral analysis on the global stacked δ18O curve from 
Lisiecki and Raymo (2005) between 0.7-1.7 Ma to see if significant spectral peaks occur 
at the same frequencies as the Enza section’s χ  data series. The power spectrum on the 
left is the result of our MTM analysis and shows significant peaks aligned with obliquity 
and precession frequencies. Of particular note is the wide, slightly  misaligned obliquity 
peak at 1/36.6 kyr, which is very  similar to the 1/35.7 kyr peak observed in the Enza χ 
MTM power spectrum (Figure 2.7). For comparison, the figure on the right shows the 
results of our B-Tukey spectral analysis for both the stacked δ18O record and the Enza χ 
data series. Both records show peaks at 1/41 kyr, though the δ18O peak has more power. 
Both spectra have peaks at ~ 1/72 kyr and 1/55 kyr, similar to the spectral peaks observed 
in the Enza χ  MTM  power spectrum. These cycles are probably associated transient 
frequencies that are known to occur in the insolation model during the middle Pleistocene 
(Hinnov, 2000). 
154
Figure A1.2- To check the accuracy of our correlation of the 35 kyr cycle observed in the 
χ data series to Laskar et al.’s (2004) theoretical obliquity  model, we calculated 
coherency (left) and cross phase (right) spectra between the tuned χ data series and 
theoretical obliquity. As expected, the two data series show coherency in the obliquity 
band (left). Additionally, the zero cross phase at the expected obliquity frequency  (right) 
shows that the correlation shown in Figure 2.8 of the main text is correct and that  we did 
not miss any obliquity cycles.
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Figure A1.3- Coherency (left) and cross phase (right) spectra between the tuned χ  data 
series and the  global stacked δ18O curve from Lisiecki and Raymo (2005) between 
0.7-1.7 Ma. The two data series show coherency in the obliquity band, but a non-zero 
cross phases at the same frequency. This non-zero cross phase is expected since Lisiecki 
and Raymo (2005) tuned their δ18O to a lagged obliquity  (Hinnov, personal 
communication). This analysis provides additional evidence regarding the identification 
of Milankovitch cycles in the Enza section’s χ data series and the efficacy of our 
correlation to the theoretical orbital model. 
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APPENDIX 2
 Figure A2.1- Optically stimulated luminescence (OSL) equivalent dose (De) 
probability  density  functions for all samples from the Qg 3 and Qg 4 deposits in the Enza 
section. Most of the sample distributions are unimodal, indicating a singular population 
of grains. Samples USU-893 and USU-894 have bi-modal distributions indicating 
multiple grain populations. For these two samples, ages were calculated using the 
multiple age model (MAM) of Galbraith et al. (1999). 
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Figure A2.1 Continued
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Figure A2.2
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Figure A2.2 Continued
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Figure A2.2 Continued
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Figure A2.2- Preheating plateau tests for representative OSL samples from the Enza 
section. Preheat plateau test for USU-887 was performed with 280°C bleach after each 
test dose, resulting in lower recuperation values than those for USU-888 and USU-894. 
Results from these tests suggest preheat temperatures between 220-260°C are best.
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APPENDIX 3 
Unoriented samples were collected every 1.5 m for rock-magnetic cylostratigraphy 
between 0-498 m in the Panaro section. The sample interval spanned the entire Argille 
Azzurre Fm. Low-field magnetic susceptibility (χ) was measured for each sample on a 
KLY-3 Kappabridge at Lehigh University. Each χ measurement was normalized by 
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Figure A3.1- LN of magnetic susceptibility for the Argille Azzurre interval of the 
Panaro section. The black dots represent the individual sample values. 
sample mass. Results of the χ  measurements are shown in Figure A3.1. The χ data series 
can be separated into two sections that exhibit different variability. Between ~0-200 m 
there is a very low amplitude variability  in the χ data series. Between ~200-498 m, the χ 
data series shows large amplitude variations and have several sharp peaks defined by a 
single sample, similar to what is observed in the nearby Stirone and Enza River sections 
(Gunderson et al., 2012; Chapter 2). 
 In order to investigate the χ data series for significant climate-related cyclicity, I 
performed multi-taper method time series analysis. Before doing so, I rescaled the χ data 
series to absolute time using the Panaro magnetostratigraphy and resampled the data 
series at regular intervals. (Figure 3.7). The resultant power spectra shows broad peaks 
centered at  frequencies of 1/512 kyr, 1/170 kyr, 1/44 kyr, 1/20 kyr (Figure A3.2). The 
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Figure A3.2- Multi-taper method power spectrum for the Panaro section LN χ data 
series. The dashed lines represent 95% and 99% confidence intervals above a 
robust red noise model. Significant spectral peaks are indicated. 
identification of significant obliquity  and precession cycles encoded in the Argille 
Azzurre χ data series is consistent with the results from the Stirone and Enza river 
sections (Gunderson et  al., 2012, Chapter 2). The presence of these cycles after rescaling 
the χ data series to absolute time using the magnetostratigraphy suggests that the estimate 
for the length of time spanned by the Panaro section (2.3 Myr) from the 
magnetostratigraphy is reasonable.  
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Geological Society of America: 2007-Present
American Association of Petroleum Geologists: 2007- Present
American Geophysical Union: 2008- Present
European Geosciences Union: 2011- Present
SHORT COURSES
“Structural Analysis and Modeling Using MOVE” Sponsored by Midland Valley, 
Houston 2012
“Graduate Student Teacher Development Series” Sponsored by Lehigh University, Fall 
2010
“Fundamentals of Seismic Stratigraphy” Sponsored by AAPG at Lehigh University, 
March 2010 
“Tectonic Geomorphology Field Methods” Sponsored by ETH- Zurich and the 
University of Bologna in the Northern Apennines, Italy, May 2009
“Fundamentals of Seismic Structural Analysis” Sponsored by ExxonMobil and 
ConocoPhillips, at the GSA Annual Meeting in Portland, OR, 2009
TECHNICAL SKILLS
Time series analysis (Analyseries and MTM), seismic interpretation (EPOS and 
Landmark), 2D and 3D structural modeling (MOVE and Lithotect), ARCGIS, MATLAB
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